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ELECTRON PRECII’I TATIONS ANt )  POLAR AURORAS

Ching-1. Meng
Space Sciences Laboratory, Universsly of California. Berkeley, CA 947 20

I-. ~~~~~~~ 
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ABSTRACT

in the first part (Sections i-In) a brief histo tical r eview of the pro~rcss of our knowled ge
s • of the precipitation of auror al electrons is given. Observations by different techniques , in terms

of detectors aboard bafloons , sourd ing rockets , and polar-orbit ing sate llites , arc reviewed (Sec-
tion 1). The precipitat ion n*oi phok>gv is c~amined in ternls of synopt ic s!atislic;i) results (5cc-
lion 11) and of la t itudinal  survey along individual  satellite passes (Section I I I ) .  In the second
part (Section IV ) , a large number o~ simult aneous observations of aurora s and pr ecip i tat ing
aurora l electrons by DM SP sat ellites ar c~ cs.imin ed in det a il . a nd ii is shown th a t  precipitation
characteristics of auror at electrons ar c d*~t inct l y  different  for th e discrete aurora and the diffuse
aurora. in the third part (Section V), the source reg ion of au ro ra l  electrons is discussed by
comparing the auroral electron precip tatl on ~t low altitud es observed by 1)MSP satellites with
the simultaneous ATS-6 obser vati ons near the magnetosph er *c equat ori il plane approximately
along the same geomagnetic field line. It is shown that  the diffuse aurora is caused by direct
dumping of the plasma sheet electrons from the equ atorial  region , whereas di screte auroras
require acceleration of electrons between the plasm a sheet and the polar atmosphere. The
parallel electric field along the geomagnetic field line above the ionosphere is a l ik e l y  candidate
for the acceleration mechanism.

I. Introduction

The relationship between the polar aurora and the precipitation of charged particles was

first suggested by Dalton and Gauss in mi d-J9 th century (Dalton , 1834 . Gauss . 1838); they

regarded the polar aurora as an electrical phenotnenon. Modern aurora l science was pioneered

by Birkeland in 1896 and by Stormer (L3irke land , 1908 . 19 13 . Stormer , 1955 . for a list of origi-

nal works). They suggested that auroras are caused by beams of electrons ejected from the sun

and guided into the polar atmosphere by the geomagnetic field lines ; note that the discovery of

• electrons by J . J. Thomson was made in 1897. However , evidence of the production of auroras

by incoming charged particles along the geomagnetic field lines was not found until the early

fifties of this century. Ground-based photometric observations of the auroral spectrum revealed

(1) the Doppler broadening of the li e line at X6562 .8 measured in the direction of the magnetic

horizon , (2) the Doppler shift towards the violet side , and (3) asymmetric broadenin g viewed

along the magnetic zenith (Gartl ein , 1950; Me ine l . l9SOa , b; 1951). These optical phenomena
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ire associated with hydrogen atoms which emit the Balmer lines as they descend along the field

lines.

The first direct measurement providing information on charged particle precip itation over

aurora l zone latitudes was made incide ntally during a lati tudinal survey of primary cosmic rays

by using Geiger tubes and scintilla tion counters aboard rockoons , small rockets carried aloft by

balloons and ignited in the stratosphere. It was found that the radiation consisted of X-ravs in

the 10-100 keV range appeared frequently above the atmosphere in a geomagnetic lati tudina l

range , from 65° to 750 , corresponding to the visua l auroral zone (Meredith ci a!.. 1955; Van

Allen, 1957). These X-rays were assumed to be associated with rad iations of primary aurora l

electrons. The X-ray radiation was also detected at al t i tudes as low as 30 km by balloon experi-

ments (Winckler and Peterson , 1957) . Since then , particle preci pitations at high latitudes have

been studied by a variety of techniques. Extensive informatio n has been derived from direct

measurements of electrons with detectors onboard rockets and satellites and indirec t observa-

tions of the X-ray brcmssirah)ung from balloons as well as from ground-based photometric

measurements of light emissions produced by precipitated electrons. This article will focus on

progress in the study of electron precipi tations in the polar regions made during the last few

years. subsequent to two earlier reviews (Pau likas , 1971; Hu lt qv ist , 1974) . However , previ-

ously reported milestone observations and important results which may have already been men-

tioned in other reviews will be summarized in order to give a continuous and coherent develop-

ment of this particular field of auroral physics.

A. Observations of Brernssrrah!ung X-ray s of Aurora ! Particles

Aurora l electrons impinging into the atmosphere lose most of their energy in the form of

ionization , but a small fraction of the energy produces bremsst r ahlung photons with energies~~~~~—’

comparable to those of primary electrons. X-ray photons can reach balloon altitudes without ! S~ctI ii

serious intensity attenuation and energy degradation; therefore electron precipitations can he IJ

detected indirectly by balloon-borne detectors which provide a continuous high altitude moni-

b ring platform for many hours or even days at nearly stationary locations. Balloon-borne 1 cooE~

— 

~~~~~ A ,  ~a 

— 
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experiments are most useful for examining the precipitation of electrons with energies great er

than 30 kcV , but not ion precipita t ions due to the lack of bre m sstrah lung produced by large-

mass particles.

The first experiment to detect intense X-ray fluxes under the active aurora l display was
t

• conducted in the sub-aurora l zone near Minneapolis with geomagnetic latitude of — 56° and L

—3.5 during an intense geomagnetic storm (Winck lcr and Peterson , 1957). One of their results

is reproduced as Figure 1. These X-ray bursts were found to be closely correlated wi th  over-

head auroras. Their intensit y increased with the degree of activity of aurora l disp lays and also

with intense local magnetic disturbances produced by aurora l electrojects which are located in

the ionospheric E-layer (Winck ler ci a!. . 1958 , 1959). However , such a close relation was not

found in the auroral zone (Anderson , 1958; 1960). This is because electrons which produce

quiet auroras , often seen in the aurora l zone , are not energetic enough to produce X-rays at

balloon alt itudes. The approximate particle fluxes and energy spectra of the primary precipitat-

ing electrons were estimated , with reasonable accuracy, on the basis of detected X-ray photon

fluxes at various energ ies. Over the aurora l zone , the deduced average electron flux for E~ >

30 keV was about 106 to IO~ electrons/cm 2-sec with the peak flux of lo g electrons/cm 2-sec.

The calculated differential energy spectrum for electrons between 25 and 200 keV was very

hard with an c-folding energy of — 25 keV for an exponential form or the exponent of -5 to -7

for a power law (Anderson and Enemark 1960; Bhavsar , 1961). Later observations (Bewers-

dorfi’ ci a!., 1966; Parks ci a!. , 1968) revealed a diurnal variation of the X-ray spectral hardness ;

the c-folding energy increased from about 10 keV in late evening hours to —20 keV in morn -

• ing hours and —30 kcV near noon and early afternoon hours , as shown in Figure 2 .

• Sporadic X-ray fluxes were detected mostly between L shells of approximately 5 and 8,

with a broad peak occurrence frequency at L~~6 over most local time merid ians , except in the

afternoon sector where the X-rays were not frequently detected. This latitudin al distribution is

very similar to that of the well-known statistical visual auroras . Measurements of X-ray fluxes

have also been made with simultaneous balloon flig hts from different locations. It was found

—. -.———.-—~-.—______________________
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that the energetic electron precipitation region is highly localized in la t i tude , with a size no

greater than a few degrees , and extending more than tens of degrees in longitude. Fur ther-

more , the preci p itations occur in the geomagnetically conjugate areas between two hemispheres

(Brown and Barcus , 1963; Brown et at.. 1963). Movements of the X-ray source boundarie s was

also detected from simultaneous multi-balloon observations. In the midni ght  sector , northward

motions of the precipitation boundar y with a speed of approximately 1 km/sec were recorded ;

this speed is comparable to that of aurora l motions during substorms. In the post-midnight sec-

tor , a fas t eastward spreading of the X-ray region (approximately several hundred km/sec)

along the auror al oval was found to be associated with the substorm breakup. A slow equator-

ward expansion of the precipitation region with a speed of approximately 500 rn/sec in the late

morning hours was also observed during the expansion phase of a substorm (Kr emser . 1969) .

The spatial variation of the X-ray source region related to the occurrence of magnetic storms

was also observed. The equatorward shift of the entire precipitation region from auroral zone

latitudes (L ~~6) to the sub-auroral region (L~~3 to 4) was observed during storms. This is the

consequence of equatorward motions of the trapped radiation boundary and the auroral activit y

(i.e., auroral oval) associated with the growth of the ring current in the inner magnetosphere

during magnetic storms (Anderson , 1965).

The temporal structure of X-ray bursts has a large variety in time scales, some accom-

panying auroral luminosity and magnetic fluctuations. Some short period fluctuations showed a

distinct period of 0.8 second which may be related to the bounce period of electro~i groups

(E
~~ 60 keV) moving along the dipole geomagnetic field lines between the northern and south-

em hemispheric mirror points near L~~3.S (Winckler ci a!. , 1962) . Pulsations other than this

—0.8 second period were frequently observed in the dayside of the auroral zone from approxi-

mately 06 to 18 local times and are called microbursts (Anderson and Milton , 1964). The

nature of these “microbursts , however, is still a matter of controversy (Parks , 1978 . Rosen-

berg, 1977) .

The auroral zone bremsstrahlung X.rays can also be observed by a low-altitude polar-
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orbiting satellite. Such an experiment was first carried out successfully by a U. S. Air Force

satellite (Imhof ci a!.. 1974). However , due to the contamination of X-ray emissions produced

by precipitating and trapped electrons striking the satellite , only those X-ray bursts occurring

near and poleward of the energetic electron trapping boundary were unambiguously identi fi ed.

Figure 3 illustrates an example of low-energy X-rays emitted from auroral arcs observed by a

Ui-axially stabilized USAF DMSP-36 (F2) satellite over the southern auroral oval , together

• with the simultaneous differential energy flux of the precipitating electrons which produced

these auroras , in the form of energy and time spectrograms (Mizera ci a!. . 1978) . In principle.

the energetic electron precipitation over the entire polar region can be scanned by X-ra y detec-

tors aboard the satellite. This detailed mapping may be made either through simultaneous

observations by an array of sensors or derived from collimated single detectors on a spinning

satellite.

The auroral bremsstrah lung X-rays detected in the sub-auroral and auroral zone latitudes

are attributed to the electron precipitation from the outer Van Allen radiation region. A con-

vincing association between such an X-ray producing precipitation and truly trapped particles

was observed in 1967. Parks and Wincklcr (1969) showed that the time profiles of balloon-

measured aurora l X-rays at the foot of ATS-1 geomagnetic field line followed very closely with

the fluxes of trapped energetic electrons near the magnetospheric equator. Figure 4 shows their

- 
results. The pitch angle scattering has been proposed as the precipitation mechanism for these

X-ray producing energetic electrons (Kennel and Petschek , 3 966; Cornwall , 1966) .

The precipitated energetic electrons also drastically increase the ionization in the lower

ionosphere measured by a riometer , which monitors the ionosphr ri’: absorption of cosmic radio

noise. With an ionization increase , the intensity of cosmic radio noise measured on the earth ’s

surface decreases due to the enhanced D-layer absorption. The maximum auroral absorption is

located I to 2 degrees equatorward of the maximum visual auroral zone as shown in Figure 5

(Basler , 1963). This observation indicates that the energetic electron precipitation generally

occurs in the diffuse auroral region just equatc~-ward of the aurorat oval. The daily r iometer

--

~-~j
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records collected from a number of observatories at different geomagnet ic lat stu d cs prov ide a

statistical distribution of this precipitation. Figure 6 i l lustr a tes  the occurrence f ie~ uency of

riometer absorption at 30 M I t t  above I db as a function of geomagnetic la t i tude  and local time

(Hartz ci a!., 1963). There are two distinct features a maximum at about 67 degrees geomag-

S netic latitude near 08 local time merid ian , and iso-occurrence contours parallel to the geomag-

flCtiC latitude. It indicates that the spatial extent of energetic electron pr e~ipit~ttion is •~pprox ~-

mately along the constant geomagnetic latitudes.

B. Rocket Observations of Aurora! Electron Precip itatsons

Meredith ci a!. . ( 1955) first observed soft radiation during two rockoon fli ghts at 74° and

640 of geomagnetic lati tude (Figure 7) . Anomalously high counting rates from Geiger tube

measurements were observed above 50 km altitude , and the inf erred part icle Intensi t ies were

approximately 10 particl es/cm~-sec for a directional beam or appro simately 3 part icles/cm~-sec

for an isotopic downward flux . These fluxes were too low to be the main part  of the primary

aurora l-producing particles. Thus , they concluded that the observed radiation was merely the

very high energy tail of a steeply falling auroral electron energy spectrum. The distinct count-

ing rate peaks might be associated ~ith multiple auroral arcs of a spatial separation of about 4

km. Unfortunately, no simultaneous auroral observations were made durin g these flights and

the relationship of the measured radiation with the polar aurora ~sas only inferred from the sta-

tistica l f ea ture of the aurora l displays.

The sounding rocket experiment to study the nature of auroras began during the Int erna-

tional Geophysical Year with the measurement of particle fluxes , energy spectra , and pitch
4

angles. Since then , a great number of rockets have been launched into auroras. Meredith ci a!. ,

(1958) and Davis ci of (1960) first found that both rayed and diffused auroras are primaril y

due to electron precipitations with a roughly isotropic pitch angle distribution between 0° and

900. The precipitated energy fluxes of electrons (8 keV < E~ < 100 keV) were about a few

ergs/cm~-sec-sr. The proton fluxes provided only a uniform background without any indication

of a close relationship to the inhomogenous auroral form. Low energy auroral particles were
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first s tud ied by M~ lk~.i :i ( 1 Q ’W I J~ f~~ t i t d  t t i ,i~ th e u i a i u u t v  of aur vr .il  li g ht ~~~~~~~~ arc  p i u

duccd t~ ele~ tn ns w i t h  (~~~ L~ e~~-s less th an  10 L c V  and t h . i t  t h e  f l u x  r a t i o  hct~ ~~~~~~ incident pro-

tons and elect ron s is at least I to I 000 1 ~ o d it l e r en t  I i i i  i t . , ol .tui  o r a l  dt s p lav ~~~~ ~~ di t le r ent

precipitation ~h .tr s . ~~i cs In a fa in t  h i i i o g c n c o u - . . iu r o t . i , the  c n c t g ~ f l u x  ~~as abo u t a fc~

crgs !cin~- sec-s r  w i th  an i ntegra l  e~e c t ron  spectrum p r op or t iona l  to cx i’  ( — 1 / 5 )  between 3 and

30 kc V . lii an a c t i v e  d i s c i  c i i ’ . ini  n ra , t h e  enc i  ~~ f l u x  wax  about 50 ci ~~~ i i - se~~si , ~ it h a sp eL

I
t rum p eaked at t’ ke\~ The au r or at  p r e c r p i t . i t i o n  varscd i t s  i n t e ns i ty  dia sr c.iIlv dur ing  thi s

active auro ra l n~e . t x u T e m e a t , I i~ u e ~ atct ~ the  x ’ r ~~~~~~ uux e i t t100  and lit~ht i nt e n  -

Sitv f luct uat ions  ohse rx Ci ! by the ocket and a gro un d -haxed  ii i i  ~~~ angle  pho tometer , I

t i v ely. I ) u r i n g  the peak pi e c i p t t . u i o n . .in e lec t ron f lu x  ul I O~ ok-itt vf l .S J C J O  sec-s i ~s as

detected .

The i nv e s t ~~ .t t io n of the au rn r . t l  electron influ x was g r e a t l y  i n i p i o v e d  when a channeltron

(a cont inuous channel electron m u l u p h e t  was u sed wi th  a magne t i c  spectrometer or electros-

tatic ana lvi er to detect low energ y electrons be low 10 kcV w ith v e r y  h ig h et l ic tenc y ( F~ ans .

1965). With the c han n e lt r o n . a detail e d electron coo ’ g~ L~~~~m can he .tccur .itelv measured

by vary ing  the volt age het~~een t he p l a tes  of an d c  t i  - n r c  an a lvr ~~r.  N um ero us  en ergy sp ectr a

have been ob t a in ed by ddTeren t r ’ckct m c a s u i c i i l c f l t s  A w i d e  v a r i e t y  of re sults have been

reported , and Figure ~ i l l us t r a t e s  t~ee era l  electr on spectra c i ’ i i ip t l cd  h~ Hones ci uI. ( 1971) .

The electron sp ectra mar ~~ ,r~~ he grouped into the follo ’.~ing typ es The most out-

st anding type is the one ch ar act cr i ~ cd by a distinct spect ral pe ak below 10 k eV i,1 sans . 1967 .

Albert , lQb ’fl . Figure t O is an exampl e of d i f f e r en t i a l  electron energ ~ spectra detected by a

high energy resolution electrostatic an. i l vz er  over  both bri ght quiet  and active auroras (Evans ,

196g; 196°) . The peak s~~is located at about 3 to 4 k~V with the flux drop-off at higher ener-

gies , indicat ing the presence ot ’ a pc . tk in the flux i i i  .i l imi t ed energ~ range . Such a peaked flux

is often referred to as a monoen erget ic electron beam . These spectral characteristics remain ed

very constant as the rocket moved throug h a n ,ru r o r a  A second type of electron precip it at ion

has a rather simple different i a l  spectr al shape It decr eases mono t onical ly  with increas ing

- _________________________________________________________
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energy ~ i th  a s lope s~h ich c.i ’i he . rp; ’u x i i n a t ~ 0 !‘t e i t h e r  an ex p o n e n t i a l  or .i po~~er t.i\% .-\

third typ e is ~~~~ t e n s e d  h~ a sl’c~ t~ um t u i i s ~~ er .it l t ’~t c i  ~~~~~~ ~ i tti i t s  \ !i.lpc f i t t e d  ti~ a

Maxw el l ian  L t i s t i i b t i t l o f l  s~i t h  .t ~!r.t ~ . i c t e  i x t i C  c n e r . ’s of a t cx ~ hc\ ’

The other  l i e q u e r i r t s  r r i t - . isu r ej  l’ .~~l t l 1 t i d r  of n i t  in :  ora l  e le ct ro ns  i x  their pi tch  ang le

distribution. Both I s o t r o p i c  .tiid f i i ~ h !~ anis c i t lop ic  don r ! ‘ i  t o r t s  has e been obsc i sed ltd ore

discussing results of pitch ang le d i s t r i b u t i ~ fl s tudies . ~ e should call a t t en t i on  to the atmospheric

effect on particle p i t t  N . inglcx Pa r t i ~ cx s~ i t f i  ‘ i t  ‘ i t c h  . i r i t ~lt ’s , such .ix near 900. follos ~ ing a

he lical pa~ ar ound  th e  geonr. i ~ r eric fIeld line ;‘a~~ t h i  i ’ t t !i a i : c  .r t er r h i ~k iu xs of a t mo s p h er e

than the 0° pitch . tngl e  p. 11 t i ~ lex t i  as c f l i i ~ par  .tllel to the t~eld l in es ~ t ’ ’ r x c L l r i c n t l v  , 90° p. t r t r c lcs

are subject to g r e . i r c i  a t n r ~~s n t t L f  c sc . i r t d r i r l ~r . r : id  e n e r ~ .s lox. ,  lno t  0 p . i i t r c l e x  I hes e atmos-

pheric effect s n it  th e pit ch .iil ~’~i dis t r i b u t i o n  can be e . i l c u l . r r c d  o n t o _ i n a l l t  ~sec , b r  ex. t iupl e .

Chase, 19(~9a , MaL ’d,i , I Q ’ S  - l~c ~ sr t .n’ I Q 
~~~ Figure  11 i l l u s t r a t e s  ch.r nges i.’l the pitch

angle di s t r ibu t ion  .tt d i f f e rent  .11 nude s I or elec t  t ’ r t ~ s~ it h t s~ 0 ili ll eren t  c r i e r  g ie s  ih e  observed

pitch ang le d i s t r i b u t i o n  ot p r im.i rv aur o r a l  d ccii  005 beloss . ih out 10 ki~V i n br ight  . tc t is  c

auroras , i n ge n eral , h. ix s O t  t~loc  O s t r ibu t io n  l’~ r s~ ceo 0° and Q0~ ,~\t  en e r g i e s  greater  th an I 0

keV , the elect ion p t r c h  an i r le s  u~u .i l ls  xh~~ts a t rapp e d  d i s t r i b u t i o n  - i e , t he r e tire more part ic les

near 90° th an  a r t  other and es Such p r e c i p i L t i o n  c h , i r . i s i c r i x t i c x  can he re c ognized in pitch

angle sorted diffe r e n t i a l  d cci i  or xr ’ - c t r  .1 . dx sl ots n in 1 g u r e  I 2 (Ar n o l d v  and ( boy , I ‘)‘3~.

An isot rop ic p ich .in~ c d is t  t hu  t t o r t s  has e f r e q u e n t l y  bee r dc t e c r e  0 in s id e  aur ora l are s

Figure 13 i l l  us~ . i tL ’s c o r r r p l e t e  p i tch .tir ~ Ic dix i  i t ’ t i t  r o i r s  it  \ .ir oux  energies observed in and near

a brig ht arc t Paz ich .ind . \ r r d e r  x c i i  - 1 °‘ “~ \ \ i t h r n  the are I, t  t o r n  24h to  N ’  seconds i , the eke-

tron fluxes r n o t t o t c r t i c . i l k  de crc.r sed from 00 to 90° i n al l  en erg i e s  U~. S to 20 ke\ ’) . and the

most intense . in isot i  opic d i s t r i b u t i o n  oc curred  at the sp eetr .rl pc.ik of S to 10 keV . Outside the

bri ght arc ( 2~’0 to  ~ “1 second s i ~~t i  o p c  d i s t r i b u t i o n  st as detected at .ill c r i e r  gres ln addition to

these two simp le types, oth er forms of pitch angle d i s t r ibu t ion s  has e been commonly detected ,

Figure 14 show s .t fes~ cases ohsei red dur ing  th c  same rock et f l ight .

During the past few y ea t s . much attention ti .is been gis en to charged particles flow ing
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(toni the i r t a  r i e t ~’~ ; ’he re  i n t o  r h e  i i i  x; l:cre to  e & ’ : t x r i t u ! e  I h c  g e o m . t r i e : i c  I d 1 !  i t : ~~ted ltirke -

la nd ~u t r ~- ’’~~ I \ r r n !ds , I~~
’3. \ ‘ J . s .  and Vo tO ak , 1’~ ~~~~. I tos I , f Q ’ s)  Ik e  I i c l d - il t ’i ie d

current is p cduce~f n - ’ - t l t  k pr c~~p ;.n i g e l e c t r o n s  of e r i c  ~‘ i r s  k l i ’ t ~ a fes~ ke\’ s~ i t h  0 pi tch

ang le I c , e le c t r i ’ r i s  s l i d _ i n ,  g .dor i ~: t I e  ocai m a g n e t i f o l d  ~h c~ t i o n i

ike t i r st  r0s ’~~O t  ‘ l - ~~- r t . i : i o r r  of tk’L! . t l i i r r t c d  t l e c t r i ’ r ~ st _ tx ru . td e  .11 en e r ~ ies hi f  h er  than 10

keV in l~~t, S at 1:1 ( ! t u r ~ h 1 l  ( I  .i r ’ p r . ’ rr e~ k.’? 196 ) R~~~’ i t  ol ’ .,cr s i r i t o n s  h i s .’ f o u n d  t h a t  p i t c h

ang le & i : x t ih ~ l i ’ r  is s i n ’ ’  5 ci i i ’s il cl’ _o i , ic n antI t h i t  f o l d  l t ~ i r e d  f l u x e s  ar c  I r io ti ii ’ t i e r e e t t ~

Arno ld~ ( l~~’—~ ‘ x 1 n ’u~~J t l i . i :  ihe  ~~~ It a r t ek’ d s r t i t ’ i t ; o r r  i f  I ke ’t ’ and ~ l, \ cle~ t r o t s  ix  s O t r i ’

pic ss ith .tn in d t c a t i 1 ’ r  ~f a i i a p l ’ y ’J d r s r r I ’ t i c n . % % l L ’ i C  is at 2 keV the p i t c h  angle xs . tx  s i r  o r rg l s

peaked ire.t  0” r e x  o .d ini  in t en s e  t t : , l - t . i ’ t t C ~l f l u x e s  (F i~ u r c  l~~ In r I t e  p i t c h  . i rrg le s o r t e d

difl ’ e i e r  il s p e ct r a , a r r o : iL ’c t o t  ~ n p :. k .tr 2 ke V ss i t h  an or dci  of mag r r i tu i t e  t~~~i o. rxe  s~ .is

detect ed .ir s t t i l  pn~ I andes  •t : t i e  l . i r cor  p ’ r c l  .tn~r I c s , c x  sn t d t  xp~. c t r a1  j ’c.iks st e r e  me~ts-

urcel at 2 S k1’V I - i gcn er.d , the e I d l 1 . n cj  t i ux  is r e l , i t e j  t o L ! 5 ~ e tc  . t u r o r . t l  f o r  i t . ,

A fur ther  s to; ’  tott a rd the n n~Ie r t .i r r d i r r g  of i he gen er a t ion  i i  ~~ ! .ot i sot ot an t  oral electrons

is to (ih t . i i t i  t h e  e l o c r t v  d s l r i t ’u r : o n  u n c t i o n  of . iu rc r ~ l e l e c t r o n s  Pi t ch  angle d i s i r  i h r t i ’rrs of

all er t c ’ri : ‘c~ I t  o n  a lo i s  ~‘Ic c :r1 ”n s ts t~ t O r t s  of kt’\ has e to he n ic asur ed  O u r  r ig a shor t  time

span and xt t h i n  a sr i i . i l i  x : ’ t t t I  r c ~’n ’O in c o n t r a s t  ss r h  t he  d r r r c r r x i o r r s  of a sr r igk’  . r u r o r a !  are

Ur 1~ r ots . at r r c r .d  Ci cc It on d i s t r ibu t iOn I u n c t n o r r s  base been r e p o r t e d  only lit K a u f nu n n  ci

a!. , ( l9~S~ . \ nro ng the m.inv t i  s 1 ! l i : x t i  . t tcd in t h e i r  r e p o r t . l i g : r r  ~ It ’  is shown h~ r t’ as merel y

an examp le of thr ee d r n r c n - orra l  pk ’t s of sex ci i i cpr  es _o ’ t a r i x  e e l e c t r o n  s el c ’eitv d i st r ibu t ion

functions l i t  o hse rx  ~sl di t to. .r t 1’c~ er fl :ei : ox or an a e i i s  e . lu ro r . I  l I r e  s e Io ~ it v  d i st r ibut ion

function is r e l a t ed  to the detected Oiler co t  .il c i e c t r  on f l u x e s  di /d l hs- the fol loss m g  es luat ion

-‘.1 r~l~~ 1~ 
‘

~~~~ ~~~~~
-

where t h e  un i t  For I ( s ) , tU 01 , and F a r e  dcc ii oti s  see ’ knr ~ . c leczro n ~ /c irr -sec-sr -keV , and

keV , respectivel y . The p o si t iv e  x t a m es corresponding to the  electr on fluxes s tre aming into the

atmosphere are on the le ft half of each f igure.  The ver t ica l  .nx i s  is th c common logar i thm of

1(V) , and the base p l.ine is at tog I — —1 .0.  !‘lo~ C and 1) s tor e  ohsc tvcd  inside a bright j
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auroral arc .rrid Plot F was snsid ~ a diffuse .ini or ,tl fin iii 1 lie as . i i Iabr l i i y  of the complete i n cas-

urements of the .ini or .il elect run s’eli i t t  is dist i ihut t on  I unc t i on  is .111 im ln  ir t au t development ,

bctausc it is essenti al in ev .i tu. i t in g th~ hulk pu open iies of th e pl.isina u r t v o l s  i’d in ai iio r rrt p i t y—

sics. With a known d i s t r i hu t  ou t i t  s t . l ire p lasinia nuint)di d ens i t y ,  d r i l l  se lnc i t  s , momentum

flux , energy flux , heat f lux , as t~ elI as par a l l e l  . i i i t l  pet p eroI icu l ~ir t e n i p c r t i t u i  es i-a ir  all bc c~lcu

lated

II. Synoptic Stu die s of A ur o r rul I lcet r on Precipi ttit ions

The e.irlic si syn op t ic  st i id t ’  of aur oral p a rtic le pJc crpzlalI t i i )  was pit t for nicd liv i t i r a i t s  of

visual auroral (PliSt ’! vatwn~ The , i i i i m  ~ il zone was first st . ib ix i  n - a l l y  i leknctl .is a circul ar rin g , of a

few degrees widt h centered on the dip ole pole wi th  a d irij oc t er i i i  about 2 5 ” co l a t i tude  in the

geomagnetic coordin ate s ys t em Al te r  the In t e rnat i onal  ( eo i ihvs icr i l  \‘ear it was  realuie d th a t

t he st a t is t ic a l  d i s t r ibut ion  oi a i i t i i i t m s  iii the geo i irag ne tic l , i t i t t i t t ~ — local i i I t l C  cotirdin,ur ~V~ it ’i1ts

has the shape of an oval belt , wi th  its loc at i ons at about 75’’ geo i i iagne t i c  I . r t i t t m n l e  near the noon

meridian and rut  rm ppr oxi n nmt c ’ ly  bY geomagnetic L a t i t udc ne ar local rrr id r r igh t  (~k idsi e iur , l ‘Hi3

Stringer and Iklun . I 9~ 7)

l ater , the auror ti l  pr ecipi ta t ion prute rn was studied fron t  th c  ionospheric effects of tiurorri l

activity. Hy using r ioniele r re cord s as ii ut i . i ro i  input . I l .ir t i  r ind l rtce ( 1%7) iden t i f ie d  two

main types of prct - ipu ta t io r i , n a m ely th e  discrete spitish pit’cuputht i i ) n 0 event ar id diffuse “driiil c

prc cip ittutiont ° event ,  Fi gure I 7 i l lus t r ates  th e dmst r u b t i lum of ’ these Iwo u ype s of pr ecipitat ion

belts together with the preci pita t ion reg,itm ~ the rriag ,nit’t osiieri th p la s inri  ( l i a r  I: , 197 1) . ihe

discrete precipflalion .,nd r i i ; ignre to sh e. i t h  pl . i s irra  Cvent s rirappei t out a region resembling the

auroral oval; the difi ’use event s  ti.icc’ out a r ie , i r - i -u r cul r i r  belt concentr ic to the constant geomag-

netic la t i tud e contours , com r r c i t l ing with the in un ora l !OflC

Photome tric observations of n ar row hand or litre auror al  c m n u r s s i o r l s  arc sti ll another means

of studying the p attern of aur orril p i cc ipi ttutioris (Sanford , l%4) . The A •) Sbl }l~ absolute inten-

sity gives a measure of th~ prec ip ita t ed proton flux us well as the proton contr ibut ion to both

Mt (A 4 2 7g) and 01 ( A 63(10) cx ’i i rn iuo i ix  ‘I’hcn the rc ’~idii.ii A42 78N in tensi ty ,  after the
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contribu tion due to protons t r.ms been cot r ec te it , determines  the  t ot al  eric ’ g r f l u x of prct ’mpm t .u i  m g

electrons ri r ,~i inc r atio of A6300, and A4 7 7 8 c i l l i s smonis  g iv e s  the av er age e mne r gy  of pr ec ipi t a t ing

electrons iwo distinct t v I r i .’s of electron pre c ip it at l ons has ir been i u i f c r m i ’d f ron t  p lnmtomntc t r i c

measurements over both dav s idtr (09 to I S  ( 1’) and ri i 1’t i ts id c ( 18 to 06 I , I ) of t In e , i n r oua l

region , as shown in Figure 18 (F ather and Mende , 197 1) .  A iiig hts i s le  soh u nti e . kie.it ed pole -

ward of the auror al oval up to —8 0° was associated wi th  I) “ kc\ electron pie~ipit.i1 iti1s of

‘-—0.1 ergs/cun ?_sec intensity. 1 he drmvside soft zone , ex t end ing  fu omri  t i r e aur or al  ov a l  1(1 - 84”,

corresponds to 100-200 eV electron pi ecupit atio n w i th  an as cr , ig esf energ y of - 0 13

er gslcm ?,sec. The distr ibut ion of the aur oral oval is repr esented isv th e A sS 7 7 (0( 1 c r i r i s s i n i m s

Figure 19 illustrates the local t ime — l a t i tude  d i st r ibu t i on  of the av e i  age in tens i t y  of A S

measured by patrol spectrograph (\Viens and Valiance Jon e s , 1969) l irese photo m et r i c  obser-

vations indicated t~~o distinct types of electron prec ip it at ion  t e g i on s  ii sott  zone (i t’ io~~er

energy electrons ) at the higher lat i tude and a hard zone ( i e , hig he r curem gs electrons ) on the

equatorward stile However , these two types of election pi ec ip it at ion reg ions are differ ent from

the two types determined by ionospheric measurements .

The first direct observation of various electron precipitation zones was made h~ the

Lockheed group from two polar-orbiting U SAP satellites (l’)b3-42 -‘ and 1%5-9OA; Johnson ci

aL. 1966). This 0 two-z one~ structure was part icular ly clear in the davs id c , the soft zone of

keV electron precipitation extended from 740 ~ 79° and the hard zone of ‘~9 ktt\’ elec trons

from 69° to 76° geomagnetic latitude . In the nightside , the soti zone extend ed from approxi-

mately 78° to 81° and the hard zone from about 61° to 720. The existence of soft and hard

electron precipitation zones was later contIrmed by Aurora I and O(0-4 satellites (Burch ,

1968; Hoffman , 1969) Comparing these two precipitation zones and those identit ied by ionos

• 
pheric and photometric observations , the hard zone precipi ta t ion coi re spond s to the ionospheric

absorption ring at — 6Y geomagnet ic la t i tude ,  and the soft precipit ation zone covers the aurora l

oval and regions poleward of it (Paul ikas . 197 1; h offm an , 1972 ) ,

Since these early observations , auror al part icle pr ec ipita t ions have been detected by many
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polar-orbiting satellites. Statistical distributions of precipitations have been e sanr ined fr ouri I.

satellite 1463-42A (Sharp et a!. , 19o9) , lnju n-3 . 0(30-4 (Jkrko . 1972) , FSR() I Aurorae

(Ried ler and llorg, 1972) , and ISIS-? satellites (M cDiarm id ci a!. , 1975) . The spat ial distr ibu-

tIon of precipitat ing auror al electrons (soft zone) is shown in Figure 20 . which illuslr.n e s the

normalized distribution s of precipitating 2 6  keV electron events  (0° pitch ang le) detected by

OGO-4 from July 1967 to November 1968 It is clear that  the auror al precipitation wins not

symmetric with respect to the noon-midnight meridians.  i’he largest asymmetry ss,is observed

bctw~en dawn and dusk meridians ;  the number  of events was about three times more in the

dawn sector than in the dusk sector , The highest occurrence was located us e ar 08 Li’ meridian

between 77 .Y and 80° geomagnetic lat i tude.

The pattern of average precipitation characteristics was first studied by Frank ~‘i a!., ( 1964)

and ~r itz and Gurne lt  ( 1965) using lm ~ un 3 observat ions. The precipitation characteristi c s of

suroral electrons most recently observed by IS1S-2 satellite from March 1971 to August 1Q72

are shown in Figure 21 (McD iarmid ci a!,. 1975) This figure shows that the highes t average

energy is located in the late mornin g sector ( — t o  magnetic loca l t ime ) near 72° invariant ( . \ )

latitude and in the evening sector below the auror al zone. The lowest p iec ip ita ted energy was

observed at MIT — 02-04 and 14-16 sectors , with invariant  latitudes of about 73° and 77° \

latitude , respectively. The pattern of average precipitation intensit y is energy dependent. At

low energies ( F~ < I kcV) two intense precipit ation regions were seen in the afternoon sector

near 750 A latitude and in the early morning sector near 70~ ‘
~ latit u de At energies of about

10 keV and gre ater , no intense preci pitation ~ rrs observed in the afternoon sector; hut a broad

maximum precipi tation was observed on the morning side ( -. 5-6 Ml 1’) near approximatel y (*°

A latitude. At even higher energies of a few hundred keV , the iso-intensity contours ly ing

nearly parallel to the constant latitudes indic ate th at those electrons were d r i f t i n g  comp lctc ’ls

around the earth. Comparing the electron precipit ation patterns detect ed by satellites with

those inferred from ionospheric disturbances , it is clearly seen th at  the oval-shaped precipit at ion

pattern can be at tr ibuted to electrons of a few keV energies ,intl that the ring-shap ed p att ern



~~~~~~~~
-.

~
-

~~~~
—- —-  —

~~~~~
-
~~~~~

• 13 -

coinciding wi th  the aur or al zone is produced by electrons with energies of tens arid hundreds of

keV. These soft and hard preci pitat ion zones overlap, at least pa r t ia l l y ,  near the  m idn igh t  sec-

tor.

From simultaneous studies of global geomagnetic arid visual auroral data , dynamical

aspects of the polar .iuroral disp lay were discovered and called the “ n iagn ettis ph eric substorm ”

(Sec Akasofu, 1977 , for a description of this phenomenon). Therefore, the above synopti cS of

particle precipitation detected by a polar-orbiting satellite are the long-term averaged patter n s

and do not correspond to an instantaneous global precipitation. ‘I’he in s t a n t an eous precipitation

pattern over the entire polar region was studied by using a network of 40 r iometer stations

(Berkey ci a!., 1974). A dynamical synoptic precipitation pattern of electrons with energies

between 10 ami d 100 keV can be inferred from these studies. Figure 22 i l lust ra tes  the develop-

ment of ionospheric auroral absorption during the intense rna gn etos pher m c substorm of March

4, 1965. it was found that the initial precipitation usually occurs near midnight  along —65° A

latitude. The intense pre cipitation region expands eastward to the dayside along the constant

latitude (confined primaril y to the auroral zone) with a speed of abou t a fe w t o several km/sec .

corresponding to drift  velocities of 50-300 kcV electrons in the magnetospher ic equator. The

westward expansion to the evenirrg side was rather limited , with a speed of about I km/sec asso-

ciated with the westward travelling surge of auroras. The region of m a x i m u m  auroral absori’-

tion (i.e., the intense precipitation area of energetic electrons of tens to hundreds of keV) also

moves eastward along the auroral zone into the dayside as a substorm progresses

Ill. Latitudinal Surveys of Auroral Electrons

The next significa n t step in the study of the aurora l precipitation was the examination of

latitudinal variations of precipitation characteristics across the aurora l reg ion. In general , the

latitudinal extent  of an auroral disp lay is several degrees or more wide. Such a spati a l region is

too extensive to be sampled by a single rocket measurement and requires polar-orbitin g satel-

lites. The lnjun-5 satellite , capable of good tempor al and energy resolutions , was the first such

satellite used for examinin g lat i tudinal  variations across the aurora l region (I rank and Acker-

—4
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son , 1971 , 1972) . This satellite was able to complete a 117-point differentia l energy spectral

scan of both electrons and protons , from 50 cv to 15 keV , at three pitch angles (trapped , pre-

cipitated , and backscattered) in a 970 msec sampling interval once every 2 seconds. This inter-

val corresponded to the satellite motion of about 10 km. Therefore vast quantit ies of data sam-

ples were acquired during each satellite crossing over the aurora l precipitation region , in order

to organize these measurements in a convenient and easily understandable way, the

sonargram-type three dimensiona l graphic display was used by Frank and Ackerson ( 1971) .

Particle energy and time are the ordinate and abscissa , respectivel y, with the grey scale or color

code to represent particle intensity (or the detector count rate ) . This ordinate system is now

commonly known as the “energy-time (E-t) spectrogram. ” From many individual satellite passes

over the auroral precipitation region in various local-time sectors , lnjun -5 observations revealed

that the over-all characteristics of the charged particle distributions (of both electrons and ions)

can be described in terms of two major precipitation zones and that the ‘rapping boundary of Ee

> 45 keV electrons is a natural coordinate which distinguishes these two zones. Poleward of

the trapping boundary, discrete intense bands of electron precipitations were detected. A

broader , less intense , structureless electron pr ecipitation was located equatorward of the trap-

ping boundary. Furthermore , the electron precipitation pattern varied drastically with geomag-

netic activity ; the intensity and spatial extent of auroral precipitation increased with increasing

geomagnetic activity. 
-

Figure 23 shows two examples of E-t spectrograms of the evening auroral precipitation

detected by Injun- 5 during periods of magnetic quiescence and activity (Frank and Ackerson ,

1971). Revolution 1403 was observed on December 2 , 1968 near 22 local time meridian during
- 

‘ quiet geom3gnetic conditions , while Kp was 0+ and AE was about SOy (at the noise back-

ground) . The detector response (proportional to the differential energy intensity ) is color-

coded from blue to red (low to high responses), and a color calibration strip for the log10 of

detector response in counts per second is on the right hand side of the E-t spectrogram which

contains the 10-minut e observation over the auroral oval. (Please note that the reproduction
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here is in grey scale instead of the originally color-coded presentation. Interested readers can

check the original publication in the Journal of Geophysical Rc3earch, 76. 3632 , 1971 ) Magnetic

invariant latitudes (A ) and magnetic local time meridians of the measurement are given along

the abscissas. The observed electron precipitati on pattern is characterized by rapid onset and

termination at A — 70° and A — 68°, respectively. At higher latitudes (700 < A < 75.8°)

there were a few faint bands of very low intensity precipitations at low energies (E~ < 300 eV) .

The principa l auroral precipitation region had two closely spaced very intense bands; they are

shown in dark gray with a shape of two inverted “V’s’. A somewhat less intense precipitation

shown in light gray was detected on the equatorward side. The total lat i tudinal width of this

principal region was about 300 km during the evening auroral oval crossing under quiet

geomagnetic conditions. The light gray responses without any energy dependence (at A <

621 are the back ground noise responses of the detector to energetic trapped particles in the

outer radiation zone and should be ignored. The most outstanding feature in the latitudinal

variation of aurora l electron precipitat ions observed by Injun-5 and later polar-orbiting satellites

is the inverted “V’ structure in the E-t spectrogram seen during intense events. The inverted

~i structure indicates a well-defined increase with time of the electron energy for the peak

differential flux intensity to a maximum energy with a subsequent decrease. In the example

shown in Figure 23 , the peak flux intensity was near 50 eV at the beginning of the event (—

0405:35 UT) ; it rapidly increased to above a few hundred cV (— 0405:25 UT) , and then

decreased back to about 50 eV at 0405:35 Ui’. This same variation repeated itself during the

next appr oximately 20 seconds.

Revolution 1644 cot-responds to a period of more active geomagnetic conditions than

• Revolution 1403, Kp — 4+ , observed on December 21 , 1968, along 20 magnetic local time

meridian. The AE index was increasing from abou t 400y to 800y i n association with the

expansion phase of a magnetospheric substorm . There were two intense inverted “V’ events of

intense precipilations shown in dark gray, at about 71° and 67 A latitude. These events were

quite different from the quiet -time crossing; the peak differential flux intensity increased to

—
~~~~~~~~~
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above 10 keV and 200 eV for the poleward and equatorw ard invert ed “V” precipitations , respec-

tively. The precipitated energy flux of the inverted “V’ events , i ntegrated from 50 eV to 15

keV, increased from a fraction of one ergs/cm 2 -sec-sr during quiet t ime as in Rev. 1403 to

about 70 ergs/cm~-sec-sr during this geomagnetically active period. The spatial extent of the

entire auror al preci pitati on region also changed substantially, fro m about 30 wide during th e

pr evious quiet example to about 12° wide (from —72 ° to —60° A latitude ) of this examp le of

active time. in regions outside the inverted “V” bands , the precipitation is characterized by a

relatively broad structureless pattern and unusually high intensities of more energetic electrons

with energies greater than a few kilo electron volts.

These two separ ate satellite crossings of the evening aur oral oval clearly illustrate the

complexity of auroral electron precipitations , and the dynamic variations associated with

di fferent states of geomagnetic activity (i.e., a uroral activity ) . Local time differences in auroral

electron preci p itations were also observed along the auroral oval . Figure 24 (the original was

also color-coded in the Journa l of Geophi ’sical Research. 77. 4118 , 1972) provides a local time

survey of typi cal electron precipi t at lons durin g periods of quiet and low geomagnetic activity

(Kp < 3) by showing 8 individual oval crossings which were selected from Injun -5 observations

by Frank and Ackerson ( 1972) . The precipitation was strikingly different between the evenin g

and morning part s of the auroral oval. it was more intense, as shown by dark gray bands , in

the afternoon , evening, and midnight sectors than in the morning and noon sides of the aurora l

oval. The spatial extent of the precipitati on region , however , was greater in the morning side

tha n in the evening side. The precipitation pattern in the morning side was charac terized by

relatively diffuse structureless fluxes.

The electron precipitation poleward of the E., > 40 keV trapping boundary had the follow-

ing features:

(I) The intense bands of precipitation (i.e., inverted ‘V” event s), most frequently detected in

the evening and midnight sectors of the aurora l oval, increased in their latitudinal width

and average energy from aft ernoon sector to midnight meridian.
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(2) In the morning sector , the obs erved in t en se inverted “V ’ event  was ra ther  narrow in l.i t i -

t udinal es te f f i  w i t h  lower aver a ge  en ergies ,  it was located at the  polewar d edge of the pre-

cipitation

(3) Within any g iven local t im e sector , the inverted “V” han d was often located po leward of

the trapping boundary.

Equatorw ard of the trapping boundary, the intense electron pr ecipit ations were observed

in the near-midni ght  to morning sectors ; and the i r  in tens i ty  gradual ly  decrcascd from local mid-

night toward the late morning and noon sides. The pattern of these prec ipi t at ions was featured

by a uniform intens i ty  in la t i tud ina l  span , in contrast to the discrete inverted “V’ structures

observed po leward of the trapping boundary.  The different i al  energy spectra of these morning

side smooth precip ita u on s were rather simple , with almost constant energy fluxes below several

kilo-electron volts and a sharp cut-off near 10 kcV or higher.

An important recent advance in magn etospheric Physics is the observation of the direct

entry of magne toshc ath plasma into the polar region (which is called the “ polar cusp”) coincid-

ing with the dayside aurora l oval in the ionospheric level (Frank and Ackerson , 1971; Frank ,

1971; lleikki la and \Vinn ingham , 1971) . Such precipitation can be identified in four dayside

oval crossings of Revs. 5410 , 1486 , 3958 , and 354 1 of ln jun -5  in Figure 24 as a short intense

dark gray spike near 76° , 74° , 77° , and 76.4° A latitude , respectively. The latitudinal width of

this precipitation based on injun- 5 observations was mere ly tens of kilometers , in contrast to

ISIS- I observations ( I l e ikki l a  and Winn ingham ; 1971) of about 200.500 km lat i tudinal  width.

This difference of nearly an order of magnitude in the reported cusp width in the ionospheric

level is due to different definitions of the polar cusp region used by different groups. A narrow

intense electron precipitation spike was used by lnj un -5 researchers , whereas the entire dayside

auroral oval precipitation region was defined as the cusp region by ISI S researchers. The

difference in their spatial extents can be appreciated by inspecting the E-t spectrogram of Rev.

3541 in Figure 24.

The pitch angle distributions of precipitating aur oral electrons measured by satellites have
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not been ext en si~ ek reported , F rom l imi ted  reports  and sci n i t  i ’ , of 1’t ih l i shc d  ! .  sp euro gra ins

from the few pol a r -orb i t ing  s a t e l l i t es . an~’ula r d ist  r ha l i o n s  of t IL  eq u, I t (  1 \% . t i d st ru cturele ss pre-

cipitation are general ly  isotropic over all p i t ch  ang les for e le ct ro n s  below a t e w  kilo-election

volts and at pitc h ang les outsi de of the atmospheric backscjticr ~ uie for high er energies (Fra nk

- — et a!.. 1976). Figure 25 (Cra ~ en and Frank , 1976) i l l t i ’ -a r . i tes  pitc h .tngle d i s t r i hu t u i on s

observed over the dayside au to i a l  p i ec ip i ta t i on  legion. St iong ly f ie ld- a l ign e d electron fluxes

(i.e., anisotropic angular  d i s t r ibu t i on s)  were dete cted wi th i n  the pol eward inver ted “V’ discrete

• precipitation reg ion (Ackers on and Frank , 1972; Mi i era ez aL . I Q 7 ( ) ;  but a cont r adictory ohs~r-

vation has also been report ed (V ank at ar angan et a!. . 1Q 75 ) . A s ta t i s t ic - i l  spatial dist r ibut ion of

field-aligned (an iso tro p i c)  ~ 3 ke\’ electron prec ipi tatio n ~ is ob t ai ned b~ H erk o (I 973) from

OGO-4 observ ations This pr eci pi t a t ion is found to be assoc iated w i t h  the  hig h- la t i tude  boun-

dary of auror al electron p i e c ip i t a t ion  wh ere the inver ted  ‘V events were I i e quen t ly  detected-

It is important  to p i c tu re  elect r on pr ecip it at ions fron i ind iv idua l  pol ar region crossings in

the frame of the statistical “soft ” and “hard ” precipi ta t i on zones dtsc u s~ed in the previous sec-

tion. The po leward discrete electron reg ion with f requent  intense hands in the E-t spectrogram

is likely to be the stat ist icall y obtained soft zone and the equat orw ard structureless precipitation

region may be identified as the ‘ha rd” zone. Figure 26 provides an example of the latitudinal

precipitation prof iles of 0.7 keV and 7 .3 key detected by OGO-4 satell i te dur ing  a dawnside

auroral oval crossing together with the designated “soft ” and ‘hard ” zones by Ilot lman t,1972).

The discrete and structureless features in the precipitation pattern are dis t inc t ly  demonstrat ed in

this example. These features were also used to classil v the auror al electron prec ipitations

(Hoffman , 1969).

• IV . Simultaneous Observations of Visual Auroras and Precip il at ions

Simultaneous observations of auroral displays and the characteristics of precipitating parti-

cles are essential in understanding the physics of auroras. Measurements of precipitating

charged particles from low-altitude polar- orbiting satellites were not commonly made with the

simultaneous ob servat ion s of opt ica l  auroras from ground-based and airborne photometet s or



—
~~~~~~ ~~~~~~~~~~~~~~ 

‘
~~~~~~~

°‘“
~ 

- 

~~~~~~~~ ~~~~~~~~~~~~
—

~
‘--

~~~~~~~~~~

• 19 -

all-sky cameras (see Arnold y ,  1974 , for reviews and a complete list of references ) . Only

recentl y have coordin ated particle precipi tat ion and auror al observations made by a sing le’ satel-

lite become pos sible , these observations have been reported by Shepherd et a!., ( 1973 ) based

on an ISIS-2 pass and Deehr ci a!., (1973) using the ESRO 1/Aur or ac observations.

The I SI S-2 satellite with an auroral scanner aboard records optical emissions along the

satell ite sub t r ~ick as well as the global thst r th uu on of aur oral luminosity (Anger and Lui , 1973).

Since early 1973 . dat a from sate llites of the USAF Defense Meteorolo gical Satel l i te Program

(DMSP) which ~‘is e more c\t e f ls iv e coverage and better spatial resolution (—3. 7 km ) have

been available to the scientific communi t y  (Akasofu , 1974) . Sonic of the 1)MSP satellites also

carried low-energy electron detectors.  Therefore , it is possible for us to measure rout inel y elec-

tron precipitations along magnetic field lines as well as the visual aurora produced by them in

the polar atmosphere. Simultaneous auroral and precipitat ion observation s by DMSP satellites

have been reported h~ several workers (Mi z era ci a!., 1975; Meng, 1976; Meng ci a!. , 1978) .

Satellite observations of polar auroras have revealed two distinct types of auroras , namely,

discrete and diffuse auroras (Akasofu . 1974). it is important to determine and compare charac-

teristics of electron precipitation in these two reg ions. Typical examples of s imultaneous aurora

and precipitation observations of these two au roral forms made by DMSP satellites at different

Locations of the polar region are illustrated in the following sections.

A. Quiet Discrete Auroras 
-

Discrete auroras occur along all parts of the aurora l oval as well as over the polar cap, and

they appear as single faint or bright strands with a width of about a few tens of kilometers.

Recent study of the DMSP data conducted by the author shows that electrons which produce

discrete auroras have , as a common feature , a monoenerget ic peak in their differential electron

energy spectra. A few examples of those observed at different localities are shown below . Each

of these examples consists of three diagrams: ( 1) the auroral photogra ph taken by a DMSP

satellite from about 830 km alti tude , (2) the precipitation profile across the auroral region
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detected by the same satel lite along the sate llite path which is indicated by a straight line near

the middle of the aurora ) photograph , and (3) the variations of electron di ff erent ial  energy

spectra along the subtrack over the main interest of the aurora l display discussed in the exam-

• pie.

Ewening Discrete A rcs

October 23. / 974 (DMSP-32, pass 306 5), Figure 27

In the DMSP aurora ) photog rap h , a faint and geometrica lly simple discrete auroral arc

along the evening oval , located at — 76 .3 ° geographic lati tude or 72° .\ latitude , was traversed

by DMSP-32 satellite from the polar cap into the lower latitudes at about 0925 UT near 2020

MLT meridian. The geomagnetic condi tion was very quiet with Kp 1. The subtrack of the

satellite with geographical lat i tude marks runs vertically through the middle of the auroral pho-

tograph , and the auroral electron preci pitation was observed along this line. The electron detec-

tor registered enhanced precip itati ons at all six energy channels (0.2 , 0.5 , 1.3 , 3.2 , 8, and 20

keV) during this evening auroral oval crossing; and three selected counting rate profiles and the

total precipitated energy flux between 0.2 and 20 keV are shown in the second part of Figure

27, which is the diagram of the electron precipitation profile along the satellite suhtrack. Asso-

ciated with this faint discrete aurora , the energy flux profile showed an enhanced precipitation

for about 15 s with an intensit y of about 0.2 ergs/cm 2-sec-sr over an —0.6° latitudinal width

region. The spectral variations across this faint arc from 0924:40 UT to 0925 :20 UT are illus-

trated in the third part of Figure 27. Each spectrum was made at every second and two refer-

ence lines corresponded to differential fluxes of 1010 electrons/cm~-sec-sr-keV for 0.2 keV

channel and 1O~ electrons/cm -sec-sr-keV for 20 keV .

While the satellite was conj ugately over the discrete arc (i .e., the satellite was connected

to the arc by the same magnetic field line) from about 0924:54 UT to 0925:00 UT , the electron

spectra were characterized by a flux peak at the third energy channel of 1.3 keV . On both pole-

ward and equator ward boundaries of this faint auroral arc , the spectral peak shifted toward the

lower energy indicating a spectral softening outside the arc. Counting rate profile s of 0.2 keV

j
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auroras The auro ra l  picture  shows th at the satelli te tra v ers ed br ight  d iscrete au io ias  .ilong the

afternoon oval at 14 Li meridian , but no r ecogn iiab le s isual auro r ., s th roughout  the noon

and late morning parts of the auni r a l  os~ l The precipit at ed energy flu s s~ as s nt en sc , about  I

erg/cm 2’scc-sr . over  all the ahose p arts  of the oval  I los~ese r , compai ing the sl ’ce t flh i fl i i i  these

regions , ser v different spectra were detec ted . Spec tr . i  w i t h  a peak at 3 2 keV . si milar  t o those

of discrete auroras at other lot- .it io ns , ~cre ohscrscd in the . t l t e t i t o o n  os .,l when the satellite

was cor~ju gat els  over the br i ght  di screte aur ora bet s~een I i  2~ ~O to I I  2Q 34 UT. On the oth er

hand user the noonside and late morning p ail s of th e os al , soft Spectr .t . w i thou t  spec tr a l peaks ,

were detected throug hout the  entire  p r ec ip i t a t io l ’  r egion.

Polar cap Th’~cr etc ’ -I a

No;~m!~’r .~~, )9’4 (D tIS/’ ..12. ,~~~s J ~~3 S ) , f ig u r e  L’

Discrete aurora s occurring inside the polar cap, nam e ly the area sw Founded by the auroral

oval , arc called “polar cap arcs ” . Sun-e ar th  aligned polar cap arcs are most commonly observed

over the morn ing half of the polar cap as s~wwn here. Several discrete auro ral arcs were

located between 75°N and 79°N along the suhtrac k . Associated wi th  these pol ar cap arcs ,

intense energy fluxes up to about 2 ergc/cn~ -sec-sr were det ected . The brightes t arc near . 7°N

(~~76.20 .\ lat ) corresponds to the most intense precip itat i on near 1424 10 U~~. The spectral

variations across a fainter arc and this bri ght one rev ealed tss o groups of peaked spectra , from

1423:53 to 1423 59 and from 1424:05 to 1424:15 UT , respective ly. The spectral peak was at

the 1.3 keV channel for the fa inter one and near I 3 or 3 2 ke\ ’ over the brighter polar cap arc.

B. Active Discrete Auroras

As geomagnetic act ivi t y increases , auroral displa y s become more complex. As a resu lt , it

is no longer possible to find an extended quiet homogeneous arc along the os-al. The auroral

substorm originates in the midnight sector of the auroral oval and its effects spread violently in

all directions causing various displays in different local time sectors (Ak as ofu , 1%4 , 1968) .

The active discrete auroras were mostly observed in the evening and midnight sectors
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Nove”it~r !S, 19 ‘4 (DMSP -32 . p ass 1433) . f ; ,i u,e 33

This c~amp le i l lus t ra tes  the preci pitat ion of acti s e discrete arcs ahead of a westward

aurora) h a s  c l i n g surge The surge ssas located to the east of th e satell i t e su h ir ac k  near the mid-

ni ght sector . Br i ght  discrete .irL ~s observed from 74 ~~~ to 73~’N (or about ~9° .~~ hit) were

crossed by the sa te l [ . r c  a long 2020 magnetic local t ime meridian.  Ju st  a few m in u t e s  before th is

• evening osal trase rsa l , the Al indc ~ sho~ ed a sharp increase , indicat ing a sudden enh ancement

of the auro r , i l ekc t r o ie t  i n t e n s i i s  , namel y , the onset of an aur or a l  suhs to im ~ t he assucia t ~d K g

index ~~as 3— , corresponding to a moderat e ly active peri od. Along the satellite suhtrack ,

enhanced p r ec ipi t at i ons , w i t h  intensi t ies  about 1 er~ - c n i ’- sec - sr  to 4 .~ ergs ,- cm ~-sec -sr were

detected ~ htle the satellite ss .is ccn iuga ~elv ah~ se th e br ight  auroras . There were two groups of

peaked sp ectr a associated w i th two bright arcs The first group from 0 1)32.01 to 0932 :10 UT

showed the spect ra l  pcaks at 3.2 keV channel , wh ereas the second group from 0932 :15 to

0932:29 I.’ I showed the spectral peaks ranging from 8 keV to 3 2  keV . The peaked spectrum

inside the a c t i s e  discrete eve nin g arcs bears simil ar char act er i stics as those of quiet evening arcs

but with hig her energy -

Novern twr 12. 19’4 (1’ .tl.\i’-3~’, pass J .?4~)~ Figure 34

This example illustrates the .ict ise discrete auroras dur in g a very disturb ed geomagnetic

condition , when Kp was ~ and AE was several hundr ed gammas. The satellite traversed two

very bright active discrete auroras , at about 72° and 70”N . embedded in the active auroral

displays extending from 75 ” N to b6 °N (— .79° to 630 A (at ) .  The preci pitated energy fluxes

associated with these two auroras were about 10 ergs/cm -sec-sr . Again , a spectral peak was

observed at the 3 2 keV channel while the satell ite was conjug ately above the discrete auroras.

Octobt’r iS , l9~4 (D.%ISP-32 . p ass 951) , F igure 35

At the poleward boundary of the active auroras , there were two bri ght discrete arcs

between 72°N and 74°N (68.8° and 0 7° .\ lat ) . Their preci pitated energy fluxes were between

10 and 20 er gs/cm~-sec-sr . Two periods of peaked spectra were from 0805 48 to 0S05:58 UT

;.._ .~
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for the pole~~ar d discrete aurora and from 0806-07 to 0806 14 for the other discrete aurora and

their corresponding spectral peaks were at the 70 ke V or S kcV channel and at the 8 LV chan-

nel , respectively

Based on these observations , it is shown that discrete auroras observed over the polar

region in either quiet or active conditions have a d istinct fea ture  of a monocncr geti c peak on

the different ial  e cct r on energy spectra. This sp ectral peak is near I keV for faint  discrete

auroras , with the energ Y flux of a frac u on of I erg/cm 2-sec-sr~ about 3 keV for quiet discrete

arcs , with energy flux of about a few ergs/cm~-.sec-sr , and several keV or hig her for active

discrete auroras with energy flux of several to tens of ergs/cm~-scc-sr.

C. Dtffuse Auroras

in contrast to discrete auroras , diffuse auroras appear as a broad band of weak auroral

luminosity with a width of severa l tens to hundr cds of kilometers , and they are not necessaril y

easily identifiable from the ground-based all-sk y camera data. The diffuse aurora dominates the

morning part of the aurora l display as well as the equatorward part of the whole aurora l oval.

Precipitation characteristics of diffuse auroras are also different from those of discrete auroras.

The following examples il lustrate diffuse auroras in different local times and under different

geomagnetic (i.e., aurora l ) activities.

Diffuse Aurora along Quiet Evening Ova l

October 22. 1974 (DMSP-32 , pass 1048) , Figure 36

The diffuse evening oval extended from about 68°N (— 73 . 7° .~~ lat ) and 65°N (— 70° A

Iat) at about 0438 UT along the 1900 MIT meridian during a quiet geomagnetic condition (Kp

— 2— , AE < SO y) .  The broad diffuse aurora was associated with large stable fluxes (— 2x 10 3

c/s) of 8 keV electrons and the precipitated energy flux was approximatel y 0.1 ergs/ cm 2 -sec-sr.

The main spectral feature of this broad diffuse auroral region was the consistently ver y hard

spectrum with near ly constant differential electron fluxes below 10 kcV with a sharp cutoff. On

the poleward part of the diffuse aurora , intense fluxes of 0.2 and 0.5 keV electrons were

— ~~~~~~~~~~~~~~~~~~ --— 
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dclcctcd over the hail degree wide region which i i i , iv correspond to the degeneuiccd (or p citi,i-

tur e) discrete awoi a with insuflic ient intensity to be seen on the aurora! phot ograph.

D~(hisc Aurora in the Ac;i vc Evening Ova l

October 15. 19 ‘4 (L)MSP-32, pass 948) , F~gurc 37

During hi g h geon iiilgne ic a c t i v i t y ,  au ror a) a c t i v i ty  in creases and diffuse auroras dominate

(tie equ at orw ard part  of the evening aur or al  ova!. In this example  (K p — 6 - Al - — 700 )-)

— 
the evening oval near 1900 Ml ’l meridian expanded to 14° widc from 67°N (77 0 A h i t )  to

53°N (63° .\ h it) and the equa tor ward diffuse aurora hind a width of at least 6°. The precipi-

tat ed energy f lux of this diffus e aurora was about 0.5 crgs/cm~-scc-si , substantiall y higher than

the quiet limc diffuse aurora. Similar to the previous example, the intense 8 keV flux traced

the ent ire diffu se aurora ) region where the speelnim in general was very hard without any indi-

cation of a monocncrgetic peak. On the poleward part of this di fluse aurora , the spectra ~~~R’

somewhat softer than those of th c equatorw ard half of the diffus e aur oral region. A spectral

softening at the edge of the hard precipitation band , as observed earlier by Sharp ci a! . ( 1969)

and Sharp and Johnson ( 1971) , occurred along the equ at orw ard boun dary of the difl ’use aurora

and it is frequently detected over the evening oval.

November 11. 1974 (D1~ISI ’-32 , p ass 1334) , Figure 38

Th e non-uniform amorphous diffuse auroras behind a westward traveling surge is another

type of diffuse auror a along the active evening oval. This example illustrates such ito observa-

lion during the n i ax imum epoch (~ 500 y ) of an aurora ) substrom at the Kp index 3+.  An

extended non-uniform diffus e auror al region of about 70 width was located cquatorw ard of the

auroral bulge boundar y at 78°N (— 73 5. A h i t ) .  Intense preci p it ation s of about 2 ergs/crn~

sec-sr . a factor of ten more intense than typical diffu se auroras unde r the quiet condition , were

recorded over the bright diffuse aurora ! luminosity near 75”N or about 700 A hat The spectral

var iations across t h e  region of non-uniform aurora hears the same flat spectrum at lower ener-

gies with a sharp cutoff near about 8 keV . Peaked spectra occasionally detected over this
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diffuse auror a) region may correspond to the occurrence of discrete auroras imbedded in the

bright diffuse aur ora as observed by lSlS-2 satellite (Lui ci a!., 1977) . A gradual softening of

spectra was again detected at th e equatorward edge of the enhanced hard precipitat ion.

• Diffuse Aurora along the Morning Oval

November 25, 1974 (DMSP-32, pass 1535), Figure 39

The auroral photograph in Figure 32 showed that the diffuse auroras constitute the entire

morning auroral oval centered near 65° N (or 690 A lat ) . The geomagnetic acti vity was quiet

(Kp — 2 ) , without any indication of the aurora l substrom activity (Al < SOy) . This example

represents the quiet time diffuse aurora of the morning oval. The preci pitated energy flux of

this morning diffuse aurora was about 0.2 to 0.5 ergs/cm 2 -sec-sr between 68.5° and 7 1.5° A hat

along the 0430 MIT meridian , and the profile of 8 keV traced out the lati tudinal distr ibution of

the diffuse aurora l region very closely. The spectra observed in the equatorward part of the

diffuse aurora were the typical hard spectra with a shape of constant differential fluxes (— l0~

clectrons/cm~-sec-sr-keV) below —5 keV and a sharp cutoff near 8 keV. The softer spectra

were detected in the poleward side. This spectral variation can be approximated by a gradual

spectral softening towards the higher latitudes. Such a smoothly varying morning auroral pre-

cipitation was also seen in the Injun 5 observations (Frank et a!. , 1976).

November 23, 1974 (DMSP-32 , pass 1511) , Figure 40

intense diffuse auroras constitute the major part of the morning auroral oval in the

geomagnetically active period. The diffuse auroras were located between 66° and 70° A lat

along 0500 MLT meridian and the corresponding precipitated energy fluxes from 200 eV to 20

• • 
keV were about I to 2 ergs/cm 2-sec-sr in the center of the diffuse aurora. The intensity distri-

bution of the diffuse aurora follows the latitudinal profiles of the 8 keV and 20 keV electrons.

in contrast to the quiet morning diffuse aurora , the 20 keV electron makes a significant contri-

bution to the auroral electron precipitation during the active times. (In this example , K p was

4— and AE was about 400 y ) .  The spectral variation traversing the diffuse aurora featured a
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gradual hardening from about 2139:30 to 2140:00 UT and a slow softening from 2 140: 55 to

214 1:25 UT, while the sate l lite was approach ing and leaving the central part of the diffuse

aurora band , respective ly. In the center of the diffuse aurora , a very hard spectrum with a

power law form of du dE ~ E °4 below 10 kcV was detected over a 2.5° wide region between

about 66.2° and 68.7° A tat. Since significant pr ecipitat ions above 20 keV were not measured ,

the calculated energy flux of I to 2 ergs/cm ’-sec-sr from 200 eV to 20 keV only provided a

lower threshold.

Diffuse Auroras in the late .ifte,noon and Late Morning Sectors

• June 6. 1975 (DItISP-33, pass 187). Figure 41

Diffuse auroras also extend into the dayside hemisphere and this figure shows an observa-

tion over the southern polar region under Kp — 3 conditions. The satellite crossed poleward

over the afternoon auroras along 1750 MLT meridian and equatorward over the hate morning

auroras near 0800 MLT meridians. Along the afternoon oval , the diffuse auror as located

between about 54~~50 and 57°S (-69.2° to -72° A hat ) , with two discrete auroras at the po leward

side near -73° A lat. On the late morning side, the diffuse auroras distributed over wide lati-

tudes from approximate ly -75° to -66° A hat (determined from the auroras on the night side ) .

The width of late afternoon and late morning diffuse auroras was about 3° and 9°, respective ly.

This drastic latitu dinal difference between the afternoon and late morning sectors is a common

feature of diffuse auroras , especially during active geomagnetic condit ions . This exampl e also

demonstrates the near-circular distribu tion of the diffuse auroras , coinciding with the statistical

auroral zone. The prec ipitated energy flux of the diffuse auror as was about I to 2 ergs/cm~-

sec-sr over both late afternoon and late morning sides. The intense fluxes of 8 keV electrons

• traced out regions of diffuse auroras similar to those observed at other local times. The spectral

features of these two diffuse auroral regions were quite different. Much harder spectra were

detected in the morning diffuse auroras. A soft equatorward edge of the hard diffuse aurora l

precipitation existed along the late afternoon diffuse auroras.
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From these observations , we can conclude that the diffuse aurora ) reg ion is characterized

by a spatially smooth and spectrally hard precipitation. The energy flux is between approxi-

mately 0.1 to a few ergs/cm 2-sec-sr increasing with geomagneitc acti vity. The spectra are hard ,

without any indication of monoenergetic peaks in contrast to discrete auroras. The hardness

increases with geomagnetic acti vity and the local time.

V. Source Region of Aurora ) Electrons

It has been suggested that the auroral oval is the proj ection of the magnetospheric plasma

sheet onto the polar ionosphere and thus that the electrons in the plasma sheet are likel y to be

a source of aurora ) electrons. However , by comparing electron spectra measur ed in the aurora

• with those measured in the plasma sheet (Chase , 1969; Hones ci a!., 1971; Father and Mende ,

1972; Sharp et. a!., 1971; Rearwin and Hones , 1974) , contradictor y results were reported.

From the lati tudinal dependence of spectral characteristics of auroral electrons observed by the

ISIS-I and -2 satellites in the midnight sector during different phases of substorms , Winning-

• ham ci ~,l . ( 1975) identified two sources of auroral electrons. One of them is the boundary

layers of the plasma sheet which produce the discrete and variable structure s (such as the

inverted “Vi in the poleward part of the precipitation region. The other is the near -earth

plasma sheet or the central part of the plasma sheet and sometimes even from the outer Van

Allen belt , which produce the diffuse smooth precipitation on the equatorward side. In terms

of visual auroral morphology , these identifications implied that the discrete auroras were pro-

• duced by electrons from the boundary of the plasma sheet and diffuse auroras by electrons

from the central plasma sheet and/or the outer radiation zone.

The relationship between polar auroras and the magnetospheric particles was also studied

by comparing the particle observations of the geosynchronous satet i ite ATS-5 with  the aurora )

phenomena near the field line conjugate. Using the all-sky aurora! photographs from Great

Whale River and the simultaneous ATS-5 particle data , Akasofu et a!. , ( 1974) found that the

appearance of active auroras at Great Whale River corresponded to the encounter of ATS-5

with hot plasma. Sharp ci a!.. (1975) found that the trapped electron fluxes at ATS-S were

.
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closely correlated with the auroral clectrojet intensi ty measured at the ATS-S conjugate point.

h owever , Mende and Shelley ( 1976) later showed that the presence of hot plasma at the syn-

chronous altitude is a necessary but not sufficient condition for the occurrence of conjugate

auroras and also that there is a hack of detailed correhat ion between the fine structures of the

trapped plasma fluxes and the small scale auroral features.

The coordinat ions between plasma observations at synchronous altitude and its conjugate

auroral display were also made by DMSP satellites and the ATS-6 satellite. The comparison of

the electron component of trapped plasma sheet particles and its conjugate precip itated auroral

electrons provides us with the definitive source and mechanisms of auroral electrons. The fol-

lowing are a few evening observations which were conducted simultaneously by the DMSP-32

• satellite and the geosynchronous ATS-6 satellite.

October 10. 1974 (DMSP-32, pass 877) Figure 42

The ATS-6 field line was anchored at the equatorward edge of the diffuse aurora while the

• satellite was in the plasma sheet. The intense fluxes of electrons up to about I keV engulfe d

the satellite at 0105 UT. The DMSP aurora l precipitations were made at about 800 km to the

west of the foot of the ATS-6 field line. The energy flux was about 0.1 eigs/cm 2-sec-sr over

the diffuse aurora. It is important to note that the differential energy spectrum of the trapped

plasma sheet electrons at about 0240 UT was very similar to that of precipitated auroral elec-

trons at 0241:20 UT when the DMSP-32 satellite was at the equatorial edge of the diffuse

aurora with the geomagnetic latitude of approximately 65.8°. At higher latitudes (—67° A hat )

the aurora! electron spectrum in the center of the diffuse auroral region was harder , and it was

similar to the plasma sheet spectra detected at about 0430 UT when the ATS-6 was further

inside the plasma sheet.

November 9. 1974 (DMSP-32, pass 1130) Figure 43

During this evening oval traverse , the DMSP subtrack passed very closely to the

‘anchorage” point of the ATS-6 field line which was located in the diffuse aurora under active

3
.
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conditions. At the synchronous al t i t ud ~~ XTS-6 satellite ~ as inihedded in the hot plasma sheet

with intense fluxes with energies ext end ing above 10 kcV . The spectra between the precipi-

tated and trapped plasma sheet electrons were almost identical and their  energy fluxes were also

similar.

Noventher 12, 1974 (234~f SP-32, p ass 1343) Figure 44

This example illustrates the relation between the preci pitated electrons of the discrete

auroras and the tr apped plasma sheet electrons. The ATS-6 field line threaded into the discrete

auroras at the poleward part of the acti ve auroral display. At the synchronous alt i tude , a typ ical

hot plasma sheet was observed and its injection occurred at 001 ~ UT corresponding to the time

of a magnetosp heric substorm onset. During the DMSP oval traverse from 0100 UT to 0103

UT, the differential  spectra of trapped plasma sheet electrons were not differen t from the previ-

ous examples , with nearly constant differential fluxes of about 2 to 3x I0 ~ electrons/cm 2 -sec-sr-

keV , below 9 ke\ ’ and a sharp cutoff at 10 keV. Near the foot of the ATS-6 field line , how-

ever , the typical discrete aurora! precipitation was detected by the DMSP satellite with an

energy flux of approximatel y 20 ergs/cm 2-sec-sr and the spectra l peak at 8 keV. This indicates

that spectra of’ electrons for conjugate discrete aurora ) arcs are drastically different from those in

the trapped hot plasma sheet. The auroral spectra , similar to those of the hot plasma sheet ,

were observed at 0101:02 UT (— 64 ° A lat) and after 0101:02 UT (below 64° A hat ) when the

DMSP satellite was above diffuse auroras .

From these simultaneous particle measurements near the magnetospheric equator and at

its field line conjugate in the aurora! region , it can be said that the spectrum and intensity of

auroral electrons pr ecipitating into the diffuse aurora are identical to those of the trapped elec-

trons in the plasma sheet and thus that the diffuse auroras are produced by the direct dumping

of electrons from the plasma sheet. The differences of spectral characteristics between elec-

trons dumped into discrete auroras and electrons tra pped at synchronous altitude indicate that

the relation between discrete auroras and the plasma sheet electrons is not one-to-one and that

there must be a complicated process in accelerating plasma sheet electrons. It is quite likely

4
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that discrete aurora! forms are produced by electrons which are accelerated between the syn-

chronous altitude and the polar ionosphere along the magnetic field line.

• A. Formation of Diffuse Auroras

Diffusion in pitch angle is important in dumping trapped particles in the magnetosphere

into the atmosphere (\Ventze l , 1961; Dragt , 1961; MacDonald and Walt , 1961) . Perturbations

violate the first adiabatic invariant of charged particles and then alter their  pitch angles in a sto-

chastic way. This random walk in pitch angle causes some trapped particles to mirror at very

how altitudes. There they collide with air molecules and get lost from the tra pping region.

Microscopic plasma tur bulence processes are often thought  to be responsible for the pitch angle

• scattering. Among them , the cyclotron resonance wave-particle interaction is the most corn-

monly discussed mechanism (Roberts , 1 969; Kennel , 1969). The pitch angle diffusion based

on the efficiency has both the weak-diffusion and strong-diffusion limits. For weak pitch angle

diffusion , particles diffuse across the loss cone much more slowly than they are precipitated.

Thus , the fluxes wi thin  the loss cone are much smaller than those outside. For strong

diffusion , particles can be scattered across the loss cone in a time period comparable with or

less than the quarter-bounce time for zero-pitch particles. Therefore , not all the particles in the

loss cone are precipitated and the fluxes within this cone become nearl y equal to those outside.

The pitch angle distributions within the loss cone approach isotropic distribution.

The nearly iden tical differential spectrum and intensity between the observed diffuse

auroras and the trapped electrons of the plasma sheet at the conjugate location indicates that

strong pitch-angle diffusion is the process scattering plasma sheet electrons into the polar atmo-

sphere to produce the diffuse aurora. The observed isotropic pitch angle distribution of d cc-

I ‘ trons which cause the diffuse auroras , indicating the flux isotropy in the loss cone , is also in

agreement with the fact that strong diffusion is responsible for scattering. Electroma gnetic

waves propagating in the whistler mode are in the correct frequency range to resonate with

some of the trapped electrons. The condition for cyclotron resonance is that

~
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~i±k 1j v 11 — nf I

where w is the angular frequency of the whistler wave , k 11 is the ~ avc vector component paral .

he) to the earth ’s magnetic field , vu is the electron ’s parallel velocity, () is the electro n cyclo-

tron frequency, and n is a nonzero integer. This equation relates the parallel components of

particle velocity and wave phase velocity. The energy of electrons (E R ) in cyclotron resonance

with whistler frequence w is determined from

B~~~f r  ~~~~

where B is the magnitude of the static magnetic field , and N the eleclron nurnbe~ density (Ken-

nel and )‘etschek , 1966).

It is interesting to examine in this connection electro magnetic cniissions in the magneto-

sphere. Two types of electromagnetic perturbations are frequently observed in the equatorial

magnetospheric reg ion pertaining to the plasma sheet and the diflu se aurora ) region , whistler

mode chorus ( 10 to 1500 Hz) with frequencies below the local electron cyclotron frequency [1

and the electrostatic emissions with frequencies above f 1 .  OGO I and 3 observations revealed

that chorus emissions occurred at all local times from L 5 to L 10 and their intensity

increases with the geomagnetic activity (Russell et aL . 1969; Dunckel and Hehliwehl, 1969;

Burtis and Hel liwell , 1969; Russell and Holzer , 1970) . Using OGO 5 search coil magnetome-

ter , Tsurutani and Smith ( 1974) found that the equatorial chorus from L — 5 to L — 9 in the

post midnight sector was detected in conjunction with magnetospheric substorms. Intense

magentospheric electrostatic emissions with frequences above (~~ were detected near the mag-

netospheric equator from 1900 to 1200 LI sectors between I — 4 and I — 10 (Kennel ci a!.,

1970; Fredricks and Scarf , 1973; Shaw and Gurnett , 1975), and the detection of these emis-

sions coincides with the appearance of the plasma sheet electrons (Anderson and Maeda , 1977).

In the outer magnetosphere beyond the plasmapause at the synchronous orbit where

B~~I0O y, N~~l electron/cm ’, the chorus emissions with frequencies below half of the equa-

torial electron cyclotron frequency resonate with electrons of about 10 keV or greater (i.e., ER

> 10 keV). The pitch angle scattering produced precipitations of energetic electrons , which



were obser~ ed by po la r - o ih i t i n g  satellites and balloon experiments (Oliven and Gurne t t , 1968;

Rosenberg et a!. , 1971) Statistically, the d is t r ibut ion  of choru s is very similar to those of

trapp ed and pr eci p it at ed energet ic clcctrons as~ociatcd w i t h  suhsto rzn s (Tsurut an i and Smith ,

1977) . Thus , cyclotron reson ance wi th  whist ler  mode waves can successfull y expl ain the pre-

cipitation of 10-100 ke\’ energetic electrons which were detected along the dawn side auroral

zone dur ing  georn agncticall~ active t imes , as shown in Figures 40 and 41. The precipit a tion of

plasma sheet electrons (0. 1 to 10 keV) by this mechanism is not certain.  The cyclotron reso-

nance of chorus with frequencies near and above IY/2  with plasma sheet electrons of a few

keV was observed by the 1 xplorer 45 satellite at the inner edge of the plasma sheet during

periods of geomagnetic disturbances (Anderson and Macda , 1977) . h owever, it is still difficult

to explain the precipitation of electrons below I keV Lw in voking the cyclotron resonance with

chorus. The differential spectra of the precipitated (DMSP) and trapped (ATS-6) electrons in

Figure 42 observed on October 10 , 1974 revealed that thei r  s imi lar i t y  ~ as only limited to even-

ing side plasma sheet electrons and that the energetic component of tr apped electrons near and

above 10 keV was not precip itated. This observation indicates that the strong pitch ang le

scattering was confined to the plasma sheet electrons in the formation of the evening side

diffuse auroras. h owever , the chorus may not be a good choice for the pitch angle scattering of

the evening plasma sheet electrons , since it is more efficient to scatter energetic electrons but

not low energy electrons. The electrostatic VLF emissions above the local electron cyclotron

frequency fl~ , typicall y near 3/2 1t’ or (n + i/ ?) f )  were detected in the evening and early

morning sectors (Kennel ci a!. . 1970; Fredricks and Scarf . 1973. Shaw and Gurnett , 1975) . A

large pitch angle diffusion coefficient due to electrostatic wave turbulence was observed for

electrons below S keV in a diffuse aurora (Whalen and McDiarmid , 1973) . Using quasi-linear

- . 
diffusion theory, Lyons ( 1974) found that the electrostatic waves can cause strong pitch angle

diffusion within and near the loss cone for electrons with energies of a few tenths to a few keV .

Therefore , the widespread , structureless diffuse auroral precipitat ions may be caused by the

cyclotron resonance of plasma sheet electrons with electrostatic emissions of 3/2 11 - .

• .• • - •
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B. Formation of Discrete Auroras

The electron spectrum of discrete auroras characteri zed by the monoenergetic peak was

not detected inside the equatorial plasma sheet. The failure to discover detailed correlations

between the plasma sheet electrons at the synchronous orbit with the conjugate discrete auroral

displays strongly suggests that electrons responsible for discrete auroras are generated below

- 
- synchronous altitudes. If they are accelerated significantly at low altitudes along a geomagnetic

field line , very strong electric fields must be involved because the path length of the accelera-

tion is rather short. Rocket measurements of auroral electrons revealed indications of the

existence of the parallel electric fields , such as the anomalous backscatter of pr ecipitating parti-

cles from the atmosphere (McDiarrn id ei aL , 1961; Mozer and Bruston , 1966) and a min imum

near 900 pitch angle of the auroral electrons (Albert and Lindstrom , 1970) . The unambiguous

evidence of the parallel electric field is the presence of the field-ali gned precipitation of aurora l

electrons which was first extensively observed by OGO-4 satellite (Hoffman and Evans , 1968) ,

and the confinement of the field-a ligned electron beam in a limited range of energies as shown

in Figure 15. Another strong evidence for the parallel electric field is the observation of ener-

getic, singly ionized atomic oxygen ions in the magnetosphere (Shelley et aL . 1972; Sharp et al.,

1974, 1976). Since the only source region of singly ionized oxygen is the ionosphere , a

significant parallel electric field is required to accelerate them out of the atmosphere into the

magnetosphere. Assuming a specific parallel electric field model . Evans (1974) successfully

reproduced the auroral spectra detected by rockets and low-altitude satellites.

The direct observation of the field-aligned electric field above the auroral region was made

recently by the USAF S3-3 satellite at altitudes between 1000 and 8000 km (Mozer ci a!.,

1977). These par all el fields were detected in the inverted “V” particle structures and have

ionospheric latitudinal sizes of approximately 200 meters to approximat ely 10 kilometers. The

magnetic activity dependence of their spatial locations and the geometry of the observed elec-

trostatic shocks are very similar to those of the discrete auroras (Torbert and Mozcr , 1978) .

From the particle measurements on the same satellite , Mizera and Fennel ( 1977) showed that

— .
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the spectral characteristics of particles in the inverted ~~ structure are in excellent agreement

with what one expects from the existence of the paral lel electric field. They also found that

the total potential drop was generally about 3 keV , and that 2/3 of the electri c field ~ as located

below 7300 km. The spectral character istics of electrons which are responsible for polar cap

arcs are similar to those in the oval. This suggests that  the relationship of the paral lel potential

drop with the polar cap discrete auroral arcs is similar to that of the auroral oval discrete

auroras.

From these observations , there is no doubt that the low al t i tude  parallel electric field is a

dominant mechanism in accelerating electrons which produce the discrete auroras. The physical

process to form the parallel electric field is not clear and both current driven instabil ity and

double layers have been proposed (Kindel  and Kennel , 1971; Block , 1972) Recently h udson

and Mozer ( 1978) suggested that the turbulence and anomalous resistivity may produce the

observed electrostatic shocks (i.e. the parallel electric field). Kan and Akasofu (1978) suggested

the current pin ch acting on the curren t carrying electrons as another possibilit y . The source

electrons of auroral oval discrete arcs are from the plasma sheet loss cone , the same as the

diffuse aurora. The spatial distribution of parallel electric fields determines the distribution of

discrete auroras observed along the auroral oval. However , the source region of the discrete

arcs inside the polar cap (i.e.. sun-earth aligned polar cap arcs) requires further investigation

because the polar cap is the atmospheric projection of the hi gh latitude lobe of the magnetota il .

VI. Summary

Polar auroras have the following two distinct forms. Discrete auroras are distributed along

the poleward half of the auroral oval and over the polar cap regions. Diffuse duroras , a

widespread smooth luminosity, constitute the optical emission background of the aurora l oval

and also extend along the morning side of the auroral zone. Two distinct aurora l electron pre-

cipitations correspond to the above two forms of auroras. The spatia lly narrow-intense precipi-

tation bands with the spectral peak between a few keV to several keV produce the discrete

auroras and the extended uniform precip itations with a near Maxwelli an spectral distribution for
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the diffuse auroras. The intens ity of’ these precipitations increases with the geomagnetic

activity. During quiet conditions, the discrete auroral electrons have total energy fluxes of

about a few ergs/cm 2-sec-sr and the spectral peak is near 3 keV. Durin g active times, their

energy fluxes increase to tens of crgs/cm 2-sec-sr or more and the spectral peak moves to near

10 keV or higher. The precipitated energy flux of diffuse auroras is only a fraction of one

crglcm’-scc-sr during geomagnetically quiet times and increases to at least a few ergs/cm2-sec-

sr durin g the active time. The spectral hardness of the diffuse aurora also correlates with the

geomagnetic activity.

The plasma sheet electrons provide the source for the precipitated auroral electrons. The

diffuse auroras are produced by the direct dumping of the trapped plasma sheet electrons , and

the strong pitch angle diffusion ~s th e most likely mecha nism to scatter the trapped plasma

sheet electrons , and sometimes also the energetic electrons , into the atmospher ic loss cone.

The cyclotron resonance with electrostatic waves above the local elecuon cyclotron frequence is

beheved to be the pitch angle scattering mechanism. The frequently observed soft equatorial

edge of the diffuse aurora , as shown in Figure 37, is likely to be the atmospheric projection of

the soft earthward plasma sheet boundary . The discrete auroras are also caused by electrons

from the plasma sheet, but they have to pass through the particle acceleration region located

between the equatorial plasma sheet and the polar atmosphere . The latest rocket and satellite

studies of the particle characteristics , magnetic and electric field variations in the discrete

auroral region reveal that intense electric fields , parallel to the auroral geomagnetic field line,

exist at relatively low altitudes within about l0~ km above the earth’s surface. The potential

drop of this upward pointing parallel electric field Is generally in the range of a fe .‘~ kcV. This

• electric field produces the observed monoenergetic spectral peak in the differential electron

spectra and also accelerates ionospheric ions upward into the magnetosphere. Below this poten-

tial drop, the inverted v0 structure appears and a discrete aurora is observed. How this parallel

electric field is created above the auroral region is not clear yet . Plasma diagnostics are needed

in the region of the parallel electric field in order to understand the physical process involved in

t~ ~L~~aA.*t~d~~~.
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Figure Captions -

Fig. 1. The first measurement of X-rays associated with visual auroras at Minn eapolis. The

lower curve is the response from an integrating ionizati on chamber. Five events of visually

observed rayed aurora were identifi ed (numbered on figure ) (Winck ler and Peterson ,

1957).

Fig. 2. Dirunal variation of the energy of aurora l X-rays . E is the mean energy of the X-rays .

(Bewersdorff et al., 1966).

Fig. 3. An example of simultaneous observations of auroral X-rays and precipitating electrons

over the dusk aurora! oval made by DMSP-36 (F2 ) satellite. The top photograph illustrates

the auroral display and three horizontal lines indicate the field of view of the X-ray detector

together with the satellite subtrack . Three panels of the bottom diagram are the X-ray

intensity -energy-time spectrogram and two panels of the E-t spectrograms of auroral elec-

t rons covering 50 eV to I keV to 20 keV . (Mizera et al., 1978).

Fig. 4. Simultaneous observations of the Bremsstrah lung X-r ay s (i.e., the precipitation of ene r-

getic electro ns > 20 keV) at College , Alaska and the fluxes of trapp ed electrons at the con-

jugate equatorial synchronous orbit. The X-rays were measured by a balloon. The trapped

and precipitated directional intensities of electrons were similar. The VLF emission (au-

rorat hiss) attributed to Cerenkov emission from the precipitating electrons is in the upper

panel. The magnetic disturbance near midn ight aurora ! oval (Cape Che lyusk in) is illustrat-

ed in the lower panel. The relation between the ATS observation and the auroral X-r ays is

schematically shown on the top. (Modified from Figure 4 of Parks and Wincklcr , 1969;

courtesy of Parks and Winckler) .

Fig. 5. A comparison of the auroral absorption zone with the visual aurora l zone determined

from Alaskan all-sky camera data. (Basler , 1963)

Fig. 6. Percentage of the time that cosmic radio noise absorption of 1.0 dB or more occurred at

30 MHz. (Hartz et al., 1963)

Fig. 7. Counting rate profiles of Geiger tube showing the soft radiation during two rockoon
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flights at 740 and 64° of geomagnetic latitude. The enhanced countin g rate above 40 c/S

was attributed to the auroral electron preci p itations . (Meredith et al ., 1955)

Fig. 8. Rocket observation of auroral particles and the simultaneous aurorat light intensity near

the rocket trajectory measured by a ground-based narro w angle photometer. Note the simi-

larity betwen the intensit y of the particle preci pitation and the intensit y of visible light .

(Mcllwain , 1960)

Fig. 9. Auroral electron spectra measured by various rocket flights, a polar orbiting satellite and

Vela satellites. The numbers on the spectra are referring rocket experiments listed in

Table 1 of h o nes et at. ( 1971) . A and B are cool and hot spectra of the plasma sheet

detected by Vela satel lites at about 18 Re. Spectra C and F) are from the soft and hard pre-

cipitation zones , respectively, observed by polar orbiting Auror a 1 satellite (Burch , 1968).

(Hones et al ., 1971)

Fig. 10. High energy-resolution electron spectra detected in the quiet and active auroras by a

sounding rocket. (Evans , 1969)

Fig. 11. Calculated variations of the pitch angle distribution and flux intensity at different at-

mospheric heights for initiall y isotrapic 1 and 7 keV electrons. (Cha5,e , 1969a)

Fig. 12. Pitch angle sorted differential electron spectra durin g a rocket flight of ~ ovember 18,

1970 at 1230 UT near 0230 magnetic local time. (Arnold y and Choy, 1973)

Fig. 33. Pitch angle distributions at various energies in and near a bright arc. Within the arc

(T + 246 to 247 second), the electron fluxes monotonica lly decreased from 00 to 90° in all

energies. Outside the arc (1 + 250 to 251 second), isotropic distribution was detected at

all energies. (Pazich and Anderson , 1975)

Fig. 14. Add itional various types of pitch angle distributions of auroral electrons observed dur-

ing a rocket flight. (Pazich and Anderson, 1975)

Fig. 15. Field-aligned electrons observed during a rocket flight. Both the pitch angle distribu-

tions (left panel) and pitch angle sorted spectra illustrate the monoenergetic (— 2keV)

feature of the field line aligned electron fluxes. (Arnoldy, 1974) 
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Fig. 16. Three-dimensional presentation of the electron velocity distribution function , f(v) , ob-

ser ved during a rocket fli ght over an active aurora. The positive v values , corresponding to

the electron fluxes st r eamIng into the atmosphere , are on the left half of each figure. Plots

C and 1) were detected inside a bright arc and Plot F inside diffuse aurora. (Kaufmann et

al., 1978)

Fig. 17 . The distribution of two types of auroral precipitation. The discrete splash events were

- 
- 

- 

indicated by triangles and the diffuse drizzle events by dots. The density of symbols is pro-

portional to the occurrence frequency. The precipitation region of the magnetosheath plas-

ma is represented by astra ls. (Hartz , 1971)

Fig. 18. Schematic diagram of various zones of auroral particle pr ecipi t at ions inferred from

photometric measurements. (Eather and Mende , 1971)

Fig. 19. Average Intensity distributions of [01) X5577 emission -measured by patrol spectro-

graph. (Wiens and ValIance Jones , 1969)

Fig. 20. Normalized spatial distribution of precipitating 2.6 keV electrons observed by 000-4

(Berko , 1972) . It corresponds to the distribution of soft aurora! electron precipitations.

Note the large asymmetry in the local time distr ibution.

Fig. 2 1. Synoptic patterns of various averaged aurora l electron characteristics (McDiarmid et

a!., 1975)

Fig. 22. Synoptic develoment of the energetic electron (10 to 100 keV) precipitation during a

substorm (March 4 , 1965) over the entire polar region monitored by a network of riome-

leT stations. The terminator is indicated by a dashed curve over the polar cap.

Fig. 23. Two examples of “E -t ° spectrograms of the evening auroral electron precipitation

detected by the polar orbiting lnjun-5 satellite during periods of magnetic quiesence and ac-

tivity. (T.... originals are color-coded.) Particle energy and time are the ordinate and

abscissa , respect ively. The detector response (proportional to the diffe rential energy inten-

sity) is grey-coded from white to black (low to high responses) and a calibration strip for

the log10 of counting rate is on the right hand side of the ii-t” spectrogram which contains 
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the 10-minute observation over the aurora l oval. Revolution 1403 was observed on De-

cember 2 , 3968 near 22 MLT meridian during quiet  geomagnetic conditions (Kp 0+) .

Rev . 1644 corresponds to a period of active geomagnetic conditions (Kp — 4 + ) , observed

on December 21 , 1968 , along 20 MLT meridian. Magnetic invariant  lat i tude (A )  and mag-

netic local time (MLT) meridians of the measurement are given along the ascissus. (Frank

and Ackerson , 1971 ) .

Fig. 24. Typical E-t spectrograms of electron intensity precipitation into the polar atmosphere

during periods of relative magnetic quiesence. These eight spectrograms have been or-

dered with respect to the local time of the observation with the noon and midnight  sectors

in the central top and bottom panels , respectively. The corresponding trajectories and

Feldstein’s auroral oval in A-MLT coordinates are displayed in the center panel.

Fig. 25. Pitch angle distributions of precipitating auroral electrons measured by a polar orbiting

satellite Ariel 4 over the dayside auroral oval at different magnetic latitudes. One set of

data was detected within the polar cusp region (76.7° < A < 80.50) and the other in the

hard precipitation region , equatorward of the trapping boundary. (Craven and Frank,

1976)

Fig. 26. A late morning aurora! oval (and zone) pass of the OGO-4 satellite during high

geomagnetic activity (Kp 4— ) . The precipitation characteristics of soft and hard zones

are revealed. (Hoffman , 1972)

Fig. 27. Quiet evening discrete auroral arc observed by DMSP-32 satellite on October 23 , 1974

during pass 1065. This figure consists of three diagrams: (1) the auroral photograph (in

negative) taken by the satellite from about 830 km altitude , (2) the precipitation profile

across the aurora l region detected by the same satellite along the satellite path which is in-

• - dicated by a straight line near the middle of the auroral imagery, and (3) the variations of

electron differential energy spectra along the satellite track over the region of the auroral

display discussed in the text. In the auroral photograph , the satellite subtrack with geo-

graphical latitude marks runs vertically through the middle. In the diagram of the latitudi-
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nal precipitatIon profiles, onl y three selected counting rate profiles (at 0.2 , 1.3, and 8 keV)

and the total precipitated energy flux between 0.2 and 20 keV are shown. The sat ellite lo-

cation in magnettc latitude (A Lat) and the geogrphic latitude (C t.at) are illustrated on the

top of the diagram. In the spectral variation diagram , each 6-point spectrum was made at

every second and two reference lines correspond to differential fluxes of lO b

electrons/cn~ -sec-sr-keV for 0.2 keV channel and 10~ electrons/cm 2 -scc-sr-keV for 20 keV .

While the satellite was conjugately over the discrete arc, from 0924.54 to 0925:00_UT , the

electron spectra were characterized by a spectral peak.

Fig. 28. Similar to Fig. 27 ,, hu t  observed on October 21 , 1974 (pass 1038) by DMSP-32 over

bright mul t ip le  discrete arcs.

Fig 29. Similar to Fig. 27 , but observed in the southern polar reg ion by DMSP-33 on June 13,

1975 (pass 286) over br ight morning discrete arcs (which is located on the left hand side of

th e auroral photo ) .

Fig. 30. Similar to Fig. 27, but observed in the southern polar region by DMSP-33 on June 10,

1975 (pass 244) over the dayside auroral oval. Discrete arcs were detected over both late

afternoon and morning parts of the oval.

Fig. 31. Similar to Fig. 27, but observed in the southern polar region by DMSP-33 on June 6.

1975 (pass 188) over the noonside auroral oval. Discrerte arcs were detected over the ear- ~

ly afternoon oval (between 60° 5 and 70°S) . Over the noonside of the oval , no significant

optical emission was detected, but soft precipitations over 10_ I crgs/cm 2-sec-sr were ob-

served.

Fig. 32. Similar to Fig. 27 , but observed in the northern polar region on Novembe r 25 , 3974

over the polar cap discrete arcs (76°N to 79°N) and the morningside of the auroral oval.

The polar cap arcs are discussed he~e and the morning oval will be discussed in Fig. 3~ .

Peaked spectra were detected over the polar cap discrete arcs. The precipitation features of

these arcs are the same as those observed over the auroral oval.

Fig. 33. Similar to Fig. 27 , but observed in the northern evening oval on November 18, 1974 

- --_— —
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over the active discrete arcs ahead of a westward auroral traveling surge. The peaked spec-

trum inside the active discrete evening arcs bears similar characteristics as those of quiet

evening arcs but with higher energy flux.

Fig. 34. Similar to Fig. 27 , but observed over bright active discrete arcs on November 12 , 3 974

during a very disturbed geomagnetic condition (Kp — 6 ) .

Fig. 35. Similar to Fig. 27 , but observed over the poteward bright discrete arcs of the aurora!

bulge on October 15 , 1974. Note the intense precipitation (—10 to 20 ergs/cm2-sec-sr)

and peaked spectra of two bri ght active arcs.

Fig. 36. Similar to Fig. 27 , but observed over the diffuse aurora along the quiet evening oval

on October 22 , 1974. The broad diffuse aurora was associated with large stable fluxes (— . 2

x iO~ c/s) of 8 keV electrons and the 0.1 ergs/cm~-sec-sr. The main spectral feature of

this broad diffuse aurora was the consistently very hard spectrum with nearly constant

differential fluxes below 10 keV with a sharp cutoff.

Fig. 37. Similar to Fig. 27 , but observed over the diffuse aurora in the active enening oval dur-

ing high geomag netic (Kp — 6—) activity on October 15 , 1974. Note that the precipitated

energy flux of this diffuse aurora was about 0.5 ergs/cm2-sec-sr, substantially higher than

the quiet ti me diffuse aurora. The intense 8 keV flux traced the entire diffuse auroral re-

gion.

Fig. 38. Similar to Fig. 27 , but observed over the non-uniform auroral region behind a west-

ward traveling surge on November 11 , 1974. The precipitating energy flux enhanced to

about 2 ergsfc m 2-sec-sr over this active diffuse aurora. (Note that the aurora t photograph

is in positive in this case.)

Fig. 39. The aurora ! photograph and the latitudinal precipitation profiles were shown in Fig. 32.

The event discussed here is the diffuse aurora along the morning auroral oval. The profile

of 8 keV electrons traced out the lati tudinal distribution of the diffuse aurora t region. Note

th e smooth variation of spectra across the morning oval.

Fig. 40. Similar to Fig. 27 , but observed over broad active diffuse auroras along the morning
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oval on November 23 , 1974 (Kp — 4— ) .  Note the significant precipitation of 20 keV elec-

trons in contrast to the quiet morning ditTuse aurora of the previous example.

Fig. 41. Similar to Fig. 27 , but observed over the diffuse aurora in the late afternoon and late

morning sectors of the southern aurorat oval on June 6, 1975. Note the distincti vely

different width of diffuse aurora rcgioA in these two sectors.

Fig. 42. A coordinated observation between the plasma sheet electrons at synchronous altitude

(the ATS-6 satellite) arid the aurora! display as well as the auroral precipitation near its

field line conjugate ob~~rved by the DMSP-32 satellite on October 10, 1074 (pass 877).

There are three parts of this example: (1-) the DMSP auroral photograph (in negative) il-

lustrating the auroral display near the ATS-6 field line conjugate and where the electron

precipitation was measured by the DMSP, (2) the “E-t” spectrogram of the plasma sheet

particle measured by ATS-6 near the magnetospheric equator at the synchronous alt i tude

(6.62 R E ), and (3) the comparison of spectra of the trapped plasma sheet electrons and the

precipitated auroral electrons near the conjugate polar atmosphere. The “foot” of the ATS-

6 field line, shown by a triangle , is located in the diffuse aurora. While this coordina ted

observation was made at about 0241 UT, intense fluxes of electrons near and below I keV

engulfed the ATS-6 satellite. (The systematic verticle lines on the spectrogram were due

to the pitch angle scan of the detector . Mc llwain , 1975) . Note the similarity between the

spectrum of trapped plasma sheet electrons at ATS-6 and that of precipitated auroral elec-

trons at 65.7° A Lat near the ATS-6 conjugate detected by DMSP-32.

Fig. 43. Similar to Fig. 42 , but observed on November 9, 1974. Almost identical spectra also

were detected at these two conjugate locations in the n-iagnetoshpcre and the polar atmo-

sphere. .

Fig. 44. Similar to Fig. 42 , but observed on November 12 , 1974. The ATS-6 field line an-

chored into the discrete aur ora l region: and very intense hot plasma sheet electrons

engulfed the ATS-6 satellite. The spectrum of the discrete arc region was different from

the trappeu plasma sheet electrons over the diffuse auroral region , which was located equa-

—
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torward of the calcul ated conjugat e latitude , Was vei v s l b f l I t , i r  to that of th e pLisnia sheet

electrons at A 1S-t~
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